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CHAPTER 1: GENERAL INTRODUCTION 
Pork sausage production is a multi million dollar industry in the US and every year over 1 
billion pounds of pork sausage is consumed (Zanardi et al., 2002; Huffman et al., 1992). 
Pork sausage is manufactured and sold in both fresh and frozen forms. Grocery stores 
typically sell pork sausage either on a foam tray with oxygen permeable over wrapping or 
from the meat deli counter. Shelf life of fresh pork sausage is relatively short, typically 
around a week due to color loss, rapid lipid oxidation, and rapid microbial growth (Calhoun 
et al., 1993). Because of the perishability of this product, improvement in shelf life would be 
an extremely valuable achievement for the fresh pork sausage industry. 
Modified atmosphere packaging (MAP) for food products has been utilized for over 100 
years. Researchers have investigated the effects of different gas combinations in MAP 
systems with the goal of finding the best gas combination to provide the best product quality, 
yields, and microbial reduction. Carbon dioxide has been used in modified atmosphere 
packaging since the 1930s. Carbon dioxide has been shown to be of benefit for meat 
products because it aids in reduction of microbiological flora over extended times by 
bacteriostatic mechanisms. These effects have been shown for beef, pork, lamb, and rabbit 
meat, both in primal cuts and ground products (Devlieghere et al., 1998). The use of carbon 
monoxide in modified atmosphere packaging has been practiced since the 1980s and has 
been used around the world to improve meat product shelf life. Carbon monoxide is linked 
to improved meat color stability, reduction of lipid oxidation, elimination of premature 
browning in cooking, and reduction of some microorganisms. Carbon monoxide does not 
pose any toxic hazard to either consumers or meat plant workers at the concentrations used 
for commercial packaging applications (Sorheim et al., 2004c). 
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The problems associated with the short shelf life of pork sausage might be solved by 
incorporating carbon monoxide and carbon dioxide in modified atmosphere packaging. The 
hypothesis for this thesis is that the addition of 0.4°Io carbon monoxide and 99.6°Io carbon 
dioxide in a modified atmosphere packaging system will increase the shelf life of pork 
sausage by inhibiting microbial growth, reducing lipid rancidity development, and 
maintaining color stability. 
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CHAPTER 2: LITERATURE REVIEW 
Consumer Buying Considerations and Food Manufacturers Concerns for Food Product 
Properties 
Consumer Buying Considerations for Meat 
Consumer buying decisions directly affect the way that food manufacturers produce and 
market their products. Consumers' opinions have transformed the way that food companies 
advertise and market new products and technologies. Over the past 10 years the number of 
consumer protection groups has increased significantly causing companies to be cautious 
about consumer opinion. These groups have special interests in food safety, animal welfare, 
and quality control measures and their opinions have caused major changes these industries' 
procedures and practices (Jakobsen and Bertelson, 2002). If consumer protection groups do 
not accept the well-documented research and knowledge behind a new idea, the product will 
not be successful in the marketplace. 
A consumer's initial impression of a meat product in a package is one of the primary 
agents in their decision about whether or not to buy a product. The rapid reduction of meat 
color from reddish pink to gray/brown is seen as spoilage in the eyes of a consumer, even if 
the meat is not actually spoiled (Berruga et al., 2003). In a study evaluating fresh pork loins 
with normal pinkish red color versus a darker red color, consumers preferred the brighter red 
color over the darker colored meat in the marketplace (Wachholz et al., 1978). The ability to 
maintain a stable desirable color in some products can be challenging and new methods and 
ingredients are being researched to find ways to preserve this element. Munoz (1998) agreed 
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with these studies and added that consumers are driven by meat appearance and taste. 
Without both of these two components, the success of a new product is unlikely in the 
marketplace. 
Studies have shown that consumers consider flavor and absence of off-odors as critical 
components of acceptability for products and whether to buy the product again (Munoz, 
1998). A study conducted with pork loin chops and pork sausage in 2002 determined that 
consumers were able to distinguish off-flavor and odors from normal spoilage of the product, 
but still felt that off-flavor and odor were important criteria for buying a product again 
(Bryhni et al., 2002). 
Product appearance, flavor and absence of off-odors are the greatest considerations for 
consumer's willingness to buy a meat product. These three attributes are of most concern to 
food manufacturers. 
Food Manufacturers Concerns for Pork Sausage 
Fresh ground pork and salted pork sausage have three main problems: rapid color loss, 
rapid microbial growth, and the rapid development of lipid rancidity during storage. The 
rapid change from a bright cherry red to a grey-brown color in fresh pork sausage effects 
consumer buying decisions, which affect profitability for companies. These color changes 
can be linked to the high salt concentration and high amounts of fat in fresh pork sausage. 
One study conducted at Auburn University tried to produce a leaner pork sausage to 
reduce lipid and light oxidation changes from the high fat content. Although the authors 
reported success at making a leaner pork sausage, the consumer testing showed that 
consumers did not prefer reduced fat pork sausage products (Huffman et al., 1992). Another 
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study conducted at University of Nebraska evaluated reducing the amount of salt in pork 
sausage to extend the product shelf life. They found that the reduction in salt reduced lipid 
oxidation, but like Huffman et al. discovered (1992) the pork sausage was not acceptable to 
sensory panels (Mandigo et al., 2002). 
Producers have had to find ways to increase the shelf life of pork sausage by using both 
old and new methods of preservation. Some methods include the use of natural and synthetic 
antioxidants, the use of pre-rigor meat, the production of frozen products instead of fresh, the 
reduction of fat content, and the addition of other ingredients. While resulting in slight 
increases in shelf life, these methods have proven to be costly. Therefore, there is a great 
need for more innovative methods to increase the shelf life of fresh ground pork and pork 
sausage. 
Factors Effecting Fresh Meat Color 
General 
Fresh meat color is important to consumer buying decisions, which is why the muscle 
pigment is so important (Carpenter et al., 2001). Myoglobin is awater-soluble protein that 
stores oxygen for aerobic metabolism in the muscle. It consists of a protein portion and a 
non-protein portion that has a central iron atom. The presence and oxidative state of this iron 
atom affects the color state of the meat (shown in figure 1). A high concentration of 
myoglobin in the muscle yields a more intense red color appearance. The age of the 
slaughtered animal, the physical pre-slaughter conditions and the pH and temperature decline 
after slaughter all effect the color of the meat produced. Other factors effecting meat color 
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are the amount of light and oxygen that the meat is exposed to and ingredients added to the 
meat affect the meat color's shelf life. 
Meat color is typically measured using the Hunter L*, a*, b* system. L* is a lightness 
value which is directly proportional to it luminous reflectance. L* value of 100 is white, 
while an L* of 0 is black. The a* value is related to the redness score, where 100 is red and 0 
is green. The b* value is related to the yellowness score, where 100 is yellow and 0 is blue 
(Gregory, 1998). Typically fresh meat color is associated with the lightness and redness 










Myoglabin forms and colour of meat. 
(Sorheim et al., 1997) 
Oxygen 
When meat is exposed to oxygen, the oxygen is absorbed and binds to the iron atom. 
When this binding occurs in the meat, it blooms from purple (deoxymyoglobin pigment) to a 
bright cherry red and the meat is said to have an oxymyoglobin color (Shown in Fig. 1). If 
the oxymyoglobin loses an electron through oxidation, the meat color will turn to a brown 
color and is called metmyoglobin (Fig. 1). After metmyoglobin is achieved, the meat color 
cannot be easily changed to another pigment type. However, residual oxygen in packaging 
can affect discoloration of the meat product. Moller et al. (2000) found that between 0.1- 
0.5°Io oxygen is typical in packages with modified atmospheres. Packages with above O.SaIo 
oxygen levels had greater discoloration, while packages with 0.1 % and 0.2% oxygen had a 
more stable color. 
Light 
The presence of light can also affect the discoloration rate of the meat. Kropf's (1980) 
suggested that there are several factors related to light that affect the color of meat. Some of 
these factors include: the specific type of lighting, the distance the light is from sample, hours 
per day the light is on display, the temperature that the light expresses, the gas environment 
(the packaging type), the specific muscle, the species, and the location of the muscle. The 
type of lighting, temperature of the meat, and the length that the meat is exposed to the 
lighting were suggested as most important factors with regard to color shelf life (Knopf, 
1980). 
Both fresh and cured meats have serious problems with modern methods of pre-
packaging and display. Although visible light doesn't affect fresh meat pigment over 3 days, 
nitric oxide from cured meat pigment discolors only after 1 hour exposure to visible lights. 
On the other hand, ultraviolet light does not affect cured meat color, but does cause browning 
in fresh meats (Lawrie, 1998) 
Effect of pH 
The rate and extent of pH decline in the postmortem animal can also affect the color and 
pre-slaughter practices can directly affect the quality of meat after slaughter. The practices 
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that result from stress prior to slaughter affect the amount of glycogen available, which in 
turn may result in either a slow pH decline or a rapid pH decline. If the pH declines faster 
than normal, then a condition called PSE or Pale Soft Exudative muscle will occur, which 
yields a pale pink color. If the pH declines slightly leading to a higher pH, then the result is 
DN1~ or dark, firm, and dry, this yields a deep purple color (Aberle et al., 2001). Both 
conditions are not accepted by consumers. High pHult meat does not bloom well when it is 
cut because the proteins in high pH~lt meat are above their isoelectric point. By being above 
the isoelectric point water retention is favored and this allows less space in the structure to 
allow oxygen to enter. High pH„lt also makes myoglobin more stable and less prone to being 
denatured (Gregory, 1998). 
Juncher et al. (2001) evaluated the effects of pre-slaughter conditions on the stability of 
color and lipids during chilled storage of pork. These researchers found that exercised 
animals (stressed animal) produced lighter meat color, had higher lipid oxidation levels and 
more drip loss compared to the rested animals (unstressed). These effects were directly 
related to the rate of pH decline and the amount of lactic acid and glycogen present prior to 
slaughter. 
Age 
To evaluate the effects of the age of the animal at slaughter on the meat color, Madhavi 
and Carpenter (1993) slaughtered beef cattle at different ages and found that surface 
metmyoglobin accumulation, metmyoglobin reductase activity and the oxygen consumption 
rate were affected by the age of the animal. In this study, beef cattle fabricated as little as 
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seven days earlier than the others had better color stability. This suggests that even a week 
can make a difference in color development in the muscle. 
Kauffman et al. (1998) stated that as the chronological age of the animals increase, the 
quantity of myoglobin in muscle increased. This resulted in darker colored meat. Nold et al. 
(1999) supported this statement with a study of the muscles from boars, barrows, and gilts. 
They found that the muscle color from the gilts were darker than the barrows. The darker 
color sow meat observed was associated with higher myoglobin content from the older 
animals. Higher myoglobin concentration in muscle may result color stability (Nold et al., 
1999). 
Additives 
Ingredients have been researched to find out their effects on meat color. One example of 
this application is a U.S. Patent Application 0040043 1 1 8 by the Cargill Corporation for the 
use of bicarbonate additives in post-rigor meat (Eilert, 2004). Their research showed that 
bicarbonate at levels of 0.001% dramatically affected the stability of post-rigor ground 
products like fresh sausage, pork, and beef. They found a 10-day extension in shelf life in 
the treated sausage due to overall color. Additionally, these products had no off-flavor or 
off-odor (Eilert, 2004). 
Feed Supplements 
Feed supplements are another area that has been researched for their role in aiding color 
stability in meat products. Both swine and beef cattle have been fed vitamin E in their diets, 
and the vitamin supplements have found increased color stability in the meats due to a 
reduction in lipid oxidation. Zanardi et al. (1998) evaluated feeding vitamin E, oleic acid, 
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and copper to swine, and observed the postmortem quality characteristics in the pork chops. 
These researchers found that vitamin E supplemented in the animals' diets significantly 
improved color stability and reduced lipid oxidation at 24 and 48 hours post mortem. A 
follow up study in 1999 by Zanardi et al. evaluated Parma hams, fermented sausage, and 
pork loins from swine fed Vitamin E in their diets. They found the effects observed in the 
previous study were not as significant in the cured meats (Zanardi et al., 1999). 
Lipid Rancidity in Meat 
General 
In 1993, Inform magazine featured an article investigating how lipid oxidation affected 
human health. The study linked the amount and types of fats present in the human diet to 
future health concerns. These researchers also discovered that natural and synthetic 
antioxidants in food were essential to preventing negative health effects from lipid oxidation 
(Haumann, 1993). Decker and Xu (1998) suggested consuming more antioxidants in the diet 
to preserve the natural balance of oxidative factors and thus reduce oxidation body muscle. 
Food rancidity due to lipid oxidation is undesirable to consumers (Gill, 1983). TBARS 
or 2-thiobarbituric acid tests is a method that was developed by Tarladgis, et al. (1960) to 
measure malonaldehyes, which is a by-product from lipid oxidation. The use of TBARS is 
common for determining when a meat product is rancid due to high levels of malonaldehye 
in the meat. 
Salt is an ingredient that is known for its ability to accelerate lipid oxidation and reduce 
color stability. Sebranek et al. (2005) observed that the addition of salt in meat products 
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would increase the lipid oxidation rate due to radical formation in the meat system. Tauber 
(1970) also reported that salt promotes lipid oxidation in meat products. Tan and Shelef 
(2002) evaluated the chemical and microbiological changes in refrigerated fresh ground pork 
to end ways to reduce lipid oxidation. They found that the combination of sodium chloride 
and lactates improved the fat stability by reducing the pro-oxidant activity associated with 
salt that accelerates lipid oxidation. 
The use of pre-rigor pork meat in fresh pork sausage is another alternative for reducing 
lipid oxidation. Drerup et al. (1981) discovered that pre-rigor fresh pork sausage, in 
comparison to post-rigor pork sausage, had a reduced rate of auto-oxidation during storage at 
0 °C. The reduction of the rate of auto-oxidation was magnified if grinding occurred before 
salting in the manufacturing of the pre-rigor pork sausage. 
Rancidity Development 
Rancidity develops in three main steps: 
1.) Initiation is the extraction of hydrogen from a fatty acid to form a 
free radical R •. 
Catalyst 
R (fatty acid) ~ R • + H+ 
free radical 
2.) Propagation is the formation of hydroperoxy radical after the free radical reacts 
quickly and easily with oxygen. In doing so, another free radical and a hydroperoxide are 
produced. 
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R • + 02 --~ ROO • 
free radical hydroperoxy radical 
ROO• + R ~ ROOH + R• 
hydroperoxide free radical 
3.) Termination of the sequence is the final step that occurs when the radicals react with 
each other and terminate the cycle. This usually occurs after several times (~ 500) through 
the sequence. 
Ingredient Effects 
Salt, metals, and haem compounds can affect the rate and development of lipid oxidation. 
Morrissey et al. (1998) suggested that the reduction of iron and copper content in feed can 
improve lipid stability in meat. Haem proteins have been considered a catalysts of the 
propagation step of lipid oxidation because high concentrations of haem compounds have 
been reported to induce lipid oxidation. In a study conducted by Hernandez et al. (2002) they 
found that the location of the muscle within the animal affects how salt will affect lipid 
oxidation. These effects are the result of catalase and glutathione peroxide activity 
(Hernandez et al., 2002). Since salt increases ionic strength, it decreased the glutathione 
peroxidase activity, which resulted in an increased (higher) TBARS level. Typically ionic 
strength is an important parameter affecting enzyme activity. The enzyme activity is 
important when the catalysis depends on the movement of charged molecules relative to each 
other (Sarraga et al., 2002). Based on the Hernadez et al. (2002) study, it was concluded that 
the lower salt concentration and ionic strength results in higher catalase and glutathione 
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peroxidase activity, which in turn resulted in less lipid oxidation. Andersen and Skibsted 
(1991) found similar results in pork patties and added that the oxidative stability of pork 
patties can be further affected by light. They found that using UV-light in combination with 
protective packaging may reduce lipid oxidation. The negative attributes of salt can be 
reduced if other ingredients are added. Akamittah et al. (1990) found that salt with added 
phosphates and antioxidants reduced lipid oxidation and improved color stability in 
restructured meat systems. Phosphates were effective at inhibiting lipid oxidation in beef 
(four weeks), pork (eight weeks), and turkey (six weeks) with 0.3% and 1.5°Io salt. 
Antioxidants 
The use of antioxidants is another way to reduce the rate of lipid oxidation. An 
antioxidant (AH) reacts with radicals by interfering with free-radical formation, thus 
reducing the amount of oxidative reactions. Antioxidants are able to slow rancidity, but do 
not stop the production of aldehydes and ketones from hydroperoxides. 
ROO • + Anti - H —~ ROOH + Anti 
R • + Anti - H ~ RH + Anti 
Microbial Growth with Meat Products 
Classifications of Bacteria 
Temperature can determine the types of bacteria, yeast, and molds that can grow and at 
what rate. Psychrotrophs, mesophiles, and thermophils are the three categories given to 
bacteria, yeast, and molds based on their growth characteristics in regards to temperature. 
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Mesophiles and psychrotrophs are the two most common temperature growth conditions of 
concern associated with refrigerated meat products like pork sausage (Jay, 2000). 
Psychrotrophs have optimum growth between 20-30°C, but grow well at and above 7 °C. 
Mostly gram negative bacteria grow in this temperature range. Optimum growth of 
mesophiles occurs between 30-40°C, but most grow well between 10-50°C. Thermophiles 
have an optimum growth temperature of 55-65 °C, but grow well at and above 45°C (Jay, 
2000) . 
The water activity in the food product is another consideration to the type and growth 
rate of bacteria, yeasts, and molds. Water activity (AW) is defined by the ratio of the water 
vapor pressure of food substance to the vapor pressure of pure water at the same temperature. 
Water activity for most fresh foods is above 0.99 and most spoilage bacteria do not grow 
below 0.91 aW (Aberle et al., 2001) 
Another characteristic used to categorize bacteria, yeast, and molds is based on their 
growth patterns in regards to oxygen utilization. Aerobic growth (with oxygen), facultative 
anaerobic (can grow with or without oxygen), and strict anaerobes (grows without oxygen) 
are the three most common descriptors (Jay, 2000). 
Most aerobic bacteria utilize carbohydrates as their main carbon source. These 
organisms grow at the expense of glucose and do not produce offensive byproducts. The pH 
of the meat generally rises slightly during storage in this case because ammonia is released as 
a consequence of amino acid degradation. The onset of spoilage is rapid at the normal pH of 
meat stored in the air once glucose has been effectively exhausted at the meat surface 
(Lawrie, 1998). With anaerobic spoilage, lactobacilli grow due to the accumulation of short 
and long chain fatty acids. Under these conditions, these organisms produce significant 
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quantities of HAS, which may develop green sulfmyoglobin or slime in the packages when 
levels reach 106 cfu/g or more (Gill 1983). 
Spoilage Organisms 
Fresh meat spoilage is typically associated with psychrotrophic, gram negative aerobes, 
like the Pseudomonas sp., and psychrotrophic, gram positive, microaerophilic, like 
Lactobacillus sp. (Arora and Kaur, 1999). 
Pseudomonas sp. is gram negative, aerobic rods that are readily found on meat in 
refrigerated conditions. These organisms are unaffected by pH in the ranges that occur with 
meat, and at chilled temperatures, they grow faster than competing species. They prefer to 
utilize glucose and strongly suppress degradation of amino acids until glucose is exhausted 
(Labadie, 1999). These bacteria are considered the most important group of bacteria that 
brings about spoilage of refrigerated fresh meat products (Jay, 2000) 
Lactobacillus is a gram positive, rod shaped, non-spore forming, microaerophilic bacteria 
that can be both beneficial and problematic to meat products. Microaerophilic organisms 
require oxygen for growth at a level below that found in air (normal air has an oxygen 
concentration of ~21 °Io). Lactobacillus sp. is common cause of refrigerated spoilage 
problems, but is also known for use in starter cultures in fermented products. These 
organisms are not affected by pH associated with meat products and can grow well in chilled 
temperatures. These bacteria can also produce anti-microbial agents that inhibit potential 
competition (Jay, 2000). Schillinger and Lucke (1987) determined how to differentiate 
between the different species of Lactobacillus sp. based growth rate at pHs and temperatures, 
salt tolerance, production of gases like carbon dioxide, reaction with H2S, acetoxin, and 
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dextran, and configuration of lactic acid enantiomers. From their study, it was established 
that there are over 600 different strains of Lactobacillus sp. The most common species 
associated with sausage included L. brevis, L. carnis, L. coryniforms, L. farciminis, L. 
halotolerans, L. hilgardii, L. sake, L. plantarum, and L. viridescens (Schillinger and Lucke, 
1987). 
Microbial Studies with Pork Sausage 
Farber et al (1988) performed a study to identify the microbiological quality of fresh and 
frozen breakfast-type sausage in Canada. They found that the total aerobic plate counts 
ranged from 104-10~ cfu/g in both the frozen and fresh breakfast sausage, and E. coli and 
Staphylococcus aureus were present in a third of all of the samples directly after 
manufacturing. Salmonella was also detected in about fourteen percent of the fresh sausage 
samples. 
El-Khateib (1997) studied salted meat and fresh sausage to determine the microbial 
concerns associated with these products. They found that handling of the raw meat block, 
the addition of salt and storage temperatures were three factors that affected the microbial 
populations. Aerobic plate counts and Lactobacillus counts ranged from 104- 109 cfu/g, and 
enterobacteriacae ranged from 102 - 10' cfu/g based on the plants' sanitary practices. Within 
the Enterobacteriacae sp., Clostridum perfringens and Staphylococcus aureus represented 26 
and 29% (respectively) of the population. These results reflected the lack of hand washing 
facilities and the overall cleanliness of the plants. 
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Fresh pork sausage casings have been a concern for their role in the development of 
spoilage. In 1970 at Rutgers University, researchers found that regenerated collagen casings 
had between 50-32,000 cfu/g total plate counts naturally. This study identified sixty one 
isolates on the casings and none of which were pathogenic. The isolates included 57.3% 
Bacillus, 8.2% Pseudomonas, 6.6% Clostridium, 6.6% Streptococcus, 6.6% Lactobacillus, 
3.3% Micrococcus, 3.3% Corynebacterium, 1.6% Staphylococcus, 1.6% E. coli, and 1.6% 
Propionibacterium. Based on this study, it was concluded that casings were not the main 
form of contamination in regards to pork sausage (Riha and Solberg, 1970). 
Another study by Mercado (1983) compared the regenerated collagen casings with pig 
intestinal sausage casings to find differences in microbial and sensory quality. It was 
concluded that the natural sausage casings produced a less uniform pork sausage, had higher 
initial microbial counts, and had lower sensory ratings in comparison to the regenerated 
collagen casings. These findings supported the earlier study and recommended the use of 
regenerated collagen casings in manufacturing pork sausage for microbial control. 
Pre-Rigor versus Post-rigor Meat 
Rigor Mortis 
Onset of rigor mortis in postmortem muscle determines if the meat will be deemed pre-
rigor meat or post-rigor meat. Rigor mortis or stiffness of death occurs when the muscle 
contracts and forms actomyosin bridges without relaxation. ATP is required in the muscle to 
induce relaxation, and when the ATP supply is depleted, these actomyosin bridges cannot be 
18 
released, which holds the muscle in a contracted state. Release of calcium is known to 
accelerate the onset of rigor mortis. 
There are three main phases of rigor mortis: delay, onset, and completion. In the delay 
phase, the muscle is extensible and elastic and ATP is still available. In the onset phase, the 
muscle begins to lose extensibility as the ATP is depleted. The permanent cross-bridges 
(actomyosin) form and the muscle tension increases. In the final phase, completion of rigor, 
glycolysis stops due to the decline in pH, which results in the inhibition of glycoltyic 
enzymes. In fish, this process takes about one hour, in poultry one to two hours, in pork 
about six hours, and in beef six to twelve hours after exsanguination (Lawrie, 1998). 
Lin et al. (1979) evaluated the difference in pre-rigor and post-rigor muscle in regards to 
bacterial loads and quality characteristics. They discovered that the pre-rigor sausage has 
higher pH values, lower total aerobic mesophilic bacterial counts, higher juiciness scores, 
and lower cooking loss than the post rigor sausage. 
Pre-rigor meat from "Hot Boning" 
Hot-boning is an industry term used to describe the technique where carcasses are 
fabricated shortly after slaughter with no chilling or development of rigor mortis. The 
muscles that comprise hot boned meat have not formed actomyosin filament cross-bridges, 
have high levels of ATP and high muscle pH (Aberle et al., 2001). In order for muscle to 
remain in the pre-rigor state, salting the meat with between 1-2°Io salt and grinding must be 
done before rigor mortis onset. Salting alters the isoelectric point, which results in a 
decreased amount of pH drop in muscle so that actomyosin bridges do not form. 
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Legarreta et al. (1987) evaluated factors that affect hot-boned pork sausage quality. In 
their first experiment, they investigated the addition of dry ice (CO2) at levels of 20-40% to 
pork sausage, and discovered that hardening and color fading occurred with high amounts of 
dry ice. They also found the high amounts of dry ice dissolves certain muscle proteins in the 
muscle which provided more space in the myofibril for increased amounts of water to be 
held. In a second experiment, these researchers evaluated three additional methods: freezing 
the meat before grinding, salting and freezing, and salting plus the dry ice addition. The 
results, indicated that salting and freezing was the preferred method for overall quality. 
Advantages and Disadvantages of Pre-Rigor Meat 
There are some advantages and disadvantages to using hot-boned meat. In a review 
article by Pisula and Tyburcy (1996), it was reported that hot-boned meat provided a 
reduction of weight loss during chilling, a reduction of drip loss during storage of vacuum 
packaged cuts, a reduction in cooler space by 50-55°Io, a reduction in capital costs for 
buildings and reduction of labor cost by 20°Io (Pisula and Tyburcy, 1996). In addition, hot-
boned sow, pork, beef, and lamb carcasses have been shown to increase water holding 
capacity, cook yields and color uniformity of meat due to less severe pH decline (Honikel 
and Fischer, 1987). Drerup et al. (1981) found that pre-rigor grinding and salting reduced the 
rate of auto-oxidation during storage at 0 °C when compared to post-rigor pork sausage. 
German researchers discovered that increases in water holding capacity and binding property 
can be achieved by the use of hot boned meat. Young (1988) discovered that the addition of 
glucose can yield similar results as salt. His work suggested that glucose and salt have the 
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same effect on pH and water holding capacity, but the glucose had little effect on dissolving 
the muscle proteins, which results in a tender product (Young, 1988). 
Some of the disadvantages of the use of hot boned meat include increased shape 
distortion from cold shortening, higher initial investments for construction of existing plants 
and new equipment, and changes in some quality aspects like color and microbial 
populations due to higher pH and higher availability of ATP. 
Cold shortening and darker meat color are two of the quality aspects that can be reduced 
by the introduction of electrical stimulation or injections of calcium chloride into the meat. 
There have been a number of studies conducted evaluating the best way to chill cuts of meat 
that have been hot-boned (Pisula and Tyburey, 1996). Apple (1981) suggested that vacuum 
packaging is the best method to preserve meat that has been hot boned. His research on beef 
cuts reported that vacuuming also reduced the amount of purge in the packages over the shelf 
life. West (1983) suggested that hot-boned meat should not be chilled rapidly until the 
muscle pH is 5.8 or below, and that chilling should be done prior to boxing. He also 
suggested that the chilling system should be rapid, automated and continuous with 
packaging. These three procedures should prevent cold shortening, shape distortion, and 
excessive handling of cuts over a long period of time. 
Preservation Methods for Meat Products 
Spices 
For years, spices have been studied to determine their properties and effects on foods. 
Pork sausage is made by adding spices along with salt to fresh pork trim. Although spice 
blends can vary to create different flavor profiles, there are some spices consistently used that 
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give it the "pork sausage" taste. These spices include black pepper, sage, ginger, thyme, and 
nutmeg, along with a variety of antioxidants and salt. Each spice listed above has properties 
that act as preservatives to help with shelf life extension. 
Black pepper is derived from the dried berry of the plant Piper nigrum L. according to the 
American Spice Trade Association (ASTA, 2006). Oleoresin is the major extract form of 
black pepper because it is known to have the best aroma characteristics (Pszczola, 2001). 
Black pepper has been reported to have analgesic, antifungal, antimicrobial, antiseptic, 
antispasmodic, bactericidal and laxative effects when included in a diet (Arora and Kaur, 
1999). 
Sage comes from the leaves of Salvia officinalis and is found in many different varieties. 
Beddows et al. (2000) discovered that sage delayed rancidity by 10°Io in a pork sausage when 
the spice was added at 0.01 %during manufacturing. Shelef (1983) found that sage destroyed 
Bacillus cereus and some strains of E. coli in pure cultures. 
Thyme is derived from the dried leaves of Thymus vulgaris, a native of the Mediterranean 
area. Thyme oils are recognized for their carminative and anti-spasmodic properties. In 
2000, Beddows et al. discovered that thyme added at 0.1 °Io in bologna delayed normal 
rancidity by 60%. Powers et al. (1975) notes that thyme was able to destroy Vibro 
parahaemolyticus in a pure culture. 
Ginger is prepared from dried rhizome or roots of a tuberous perennial plant. Although 
ginger is most noted for its use in holiday recipes, it has been studied for its nutraceutical 
properties. The University of Arizona's Center for Dietary Supplements studied ginger and 
its uses for the treatment of inflammatory diseases as well as its ability to aid in digestion and 
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nausea (Pszczola, 2001). Leal et al. (2003) found that ginger had antioxidant properties in 
meat products and that it inhibited the growth of Mycobacterium. 
Nutmeg is a seed of the fruit in evergreen trees and is named Myristica fragrme 
(Pzczcola, 2001). Takikewa, et al. (2002) studied nutmeg and found antimicrobial and 
antibacterial properties in amounts as small as 0.01% when added to pure cultures. 
Salt 
Unrefined salt usually comes from salt mines and it is washed and strained. Natural salt 
is generally a very healthful product that has an alkalinizing effect on the body by balancing 
the pH of the blood. Salt does not have an alkalinizing effect on everyone (Eck, 2006). The 
minerals in salt have an alkaline reaction in the body. The sodium salt contains is critical for 
osmotic balance and for solubilizing other minerals in the blood. A deficiency of sodium 
causes other minerals to become biounavailable and to precipitate into the soft tissues and 
elsewhere (Kenney and Hunt, 1990). 
Current literature shows correlations between salt in food products with hypertension. 
Because of the consumers' demand for reduced salt products, there are new markets opening. 
Studies have replaced salt with potassium chloride in fresh pork sausage to determine 
acceptability. The researchers found that up to 75°Io of sodium chloride could be replaced 
with industrial potassium chloride and still maintain acceptance by consumers (Pasin et al., 
1989). 
Historically, salt was used as a preservative when refrigerators were not common in the 
household. While salt is still used today in some applications as a preservative, its flavor is 
the driving force behind its use. 
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Reducing salt content has been challenging for manufactures of meat products because 
salt is vital for water binding and emulsion stability. Salt is known to dehydrate and to alter 
osmotic pressure, which inhibits bacterial growth. When salt is added to meat, it causes 
swelling in the myofibrils, allowing more water to be trapped in the myofibrils. Also, when 
salt is added, the isoelectric point is shifted to a more acidic pH which helps aids in water 
binding (Hermansson, 1975). Salts made of the anion of a strong acid and the cation of a 
weak base will be acid salts, that is, the water solution with this salt will have a pH of less 
than seven. Acid salts when added to meat help with the ultimate pH because they reduce the 
pH of the meat product. Salt is essential for water holding capacity and emulsion stability in 
meat products. Salt aids in the binding of proteins together to create a stable emulsion. 
Munasinghem and Sakai (2004) found that sodium chloride was preferred for protein 
extraction in lean pork meat over potassium chloride or lithium chloride. 
Salt also preserves food by shifting the microbial growth conditions to favor gram- 
positive bacteria instead of gram-negative bacteria. This is important because most human 
pathogens such as Salmonella, Escherichia coli and Clostridium sp. are gram-negative 
(Kumral and Sahin, 2003). Salt achieves this microbial shift by removing available water 
from the food and changing the osmotic pressure. These two changes make it harder for 
bacteria to grow (Jay, 2000). 
Antioxidants 
Antioxidants have been used for years to help with the reduction of lipid oxidation in 
meat products. An antioxidant (AH) reacts with radicals by interfering with free-radical 
formation, thus slowing down rancidity development. Both natural and synthetic 
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antioxidants have found favor in meat products. Two examples of synthetic antioxidants 
used in meat products are butylated hydroxyanisole (BHA) and the related compound, 
butylated hydroxytoluene (BHT), which are phenolic compounds. BHA and BHT are used to 
preserve fats and oils in cosmetics and pharmaceuticals. BHA is used as a yeast de-foaming 
agent and found in butter, meats, cereals, chewing gum, baked goods, snack foods, 
dehydrated potatoes, and beer. Other applications include use in animal feed, food packaging, 
cosmetics, rubber products, and petroleum products. BHT prevents oxidative rancidity of fats 
and is used to preserve food color and flavor. BHT is added directly to shortening, cereals, 
and other foods containing fats and oils. BHA and BHT are often combined in pork sausage 
to reduce and prevent oxidative rancidity, and are typically used in many spice blends 
(S ebranek et al. , 2005) . 
Natural antioxidants like rosemary extracts have been investigated to determine their 
effects on lipid oxidation. A study conducted in 2005 evaluated natural rosemary extracts 
with aBHA/BHT combination in pork sausage. Researchers found that at 2500 ppm in pork 
sausage, the rosemary extracts had similar results. They also discovered that the rosemary 
extracts were more effective at reducing the loss of red color in raw frozen sausage 
(S ebranek et al. , 2005) . 
Reduction in Fat 
Reduction of fat content in fresh pork sausage has been an option evaluated by many 
researchers. Ahmed et al. (1990) added water at different levels to pork sausage to achieve 
low-fat status. They found that increased amounts of water (3~ 13%) resulted in greater 
cooking loss, depletion of color and textural characteristics. A sensory panel found that pork 
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sausage with 15°Io fat could be used if water was added to replace the rest of the fat (control 
is 35% fat content) (Ahmed et al., 1990). 
Edwards et al. (1999) used different forms of apple products to reduce the amount of fat 
in pork sausage. They found that there were no significant differences in consumer 
acceptance between 15% fat sausage with the apple products and 30% fat sausage without 
the apple products. 
Addition of soy proteins, milk proteins, and wheat proteins to low-fat pork sausage 
products have been shown to help with yields and binding characteristics lost from the 
reduction of fat. Reitmeier and Prusa (1991) found that pork patties made with corn germ 
had higher cooking yields and were more tender than those without corn germ. Konjac flour 
gel has also been used to substitute for fat in pork sausage. Osburn and Keeton (1994) found 
that treatments with konjac gel showed improved cook yields, higher shear force and sensory 
textural attributes like palatability, than the control without konjac gel. 
Other Ingredients and Technology 
Other ingredients have been studied for use in fresh ground pork and pork sausage to 
enhance shelf life. One ingredient evaluated was lacticin, which is a heat stable bacteriocin 
that can inhibit and control pathogens like Clostridium perfringes and Salmonella as well as 
the non-pathogen Listeria innocuo. Scannel et al. (2000) found that the combination of 
lacticin with sodium lactate significantly lowered the total aerobic plate counts for the 
duration of the trial. 
Sodium lactate is another ingredient that has effects on the microbial and physical 
characteristics of pork sausage. A study by Brewer et al. (1993) found that 1% of sodium 
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lactate extended the shelf life of vacuum-packaged fresh pork sausage by one week and 
significantly reduced aerobic total plate counts, anaerobic plate counts, aerobic lactic acid 
producers, and anaerobic lactic acid producers over the entire shelf life. In this study, they 
also evaluated the sensory evaluation response to this treatment and found that there were no 
effects with regard to flavor. They also found that the sodium lactate enhanced the juiciness 
and "ground pork flavor" and had a less "salty taste". With 3 °10 sodium lactate, the shelf life 
was extended to 12 days and further microbial reductions were observed (Brewer et al., 
1993). 
Other researchers discovered that surface discoloration and off odor were reduced with 
sodium lactate in beef chubs and patties. Also, the lag phase of microbial growth can be 
extended with sodium lactate from 10 to 20 days (Lamkey et al., 1991). 
The use of high hydrostatic pressure (HPP) has been investigated for its role in high 
quality and safe fresh pork sausage. Huang and Morema (1999) used high hydrostatic 
pressure or HPP to reduce the survival of Listeria monocytogenes in fresh pork sausage. In 
their experiment, they established that 414 MPa at 50°C for 2 minutes was the optimal 
pressure/temperature/ time combination to minimize quality changes and maintain a safe 
product (Huang and Morema, 1999). 
Modified Atmosphere Packaging (MAP) for Meat Products 
Introduction 
Packaging is an area in the food industry that has been modified and expanded in the past 
20 years to help maintain better quality and shelf life in products. Packaging technology has 
evolved to be more convenient to consumers. It is estimated that 60% of all packages in the 
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meat market are in the case-ready format. The type of packaging used to store the meat 
product can affect the product shelf life. Asensio et al. (1988) learned through an experiment 
that plastic films with high permeability were not suitable for extending the shelf life of meat. 
In contrast, they found Cryovac bags with low permeability inhibited the aerobic organisms, 
keeping the bacterial flora below the level of lOgcfu/g for about three weeks (Asensio et al., 
1988). 
Material costs, availability of trained labor, and new material innovations have driven the 
packaging market to a higher level (Eilert, 2005). One new technology in the packaging 
industry is with antimicrobial in packaging material. Many antimicrobial compounds have 
been studied for incorporation into film structure, antimicrobial edible coatings and 
ingredient additives to benefit meat systems through the reduction of microbial 
contamination and growth. Although this is a promising field in packaging, the European 
Union has already placed strict restrictions on the use of antimicrobial packaging, which has 
limited application of this technology for companies that export to the EU (Quantavalla and 
Vicini, 2002). 
Modified atmosphere packaging for meat and meat products is another evolving 
technology that has shown promise in the extension of shelf life and microbial safety. 
Modified atmosphere packaging (MAP) is defined as "the packaging of a perishable product 
in an atmosphere which has been modified so that its composition is other than that of air" 
(Brody, 1989). Kader and Watkins (2000) stated that there is still much research needed to 
provide a uniform application of MAP for multiple products. 
Development of different packaging techniques is important for MAP advancement. 
These packaging techniques can be categorized as 0 2 removal, 0 2 barrier, water removal, gas 
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indicator, CO2 release, antimicrobial action, aroma release, and taint removal. Each category 
offers unique characteristics that allow for extension of shelf life through a variety of 
mechanisms (Church, 1994). 
Modified atmosphere packaging can be dated back to the 1930s when Australia and New 
Zealand shipped fresh beef cuts to Great Britain (Zhao et al., 1994). By the late 1930s, 26% 
of beef in Australia and 60°Io of beef in New Zealand were commercially shipped under CO2
atmosphere. Development of packaging materials began to be researched in the 1970s. The 
big turning point came in 1981 when Mark and Spencer in the UK introduced a wide range 
of fresh meat products packaged under modified atmosphere (Farber, 1991). 
Reduction of microbial growth is the primary reason why modified atmosphere 
packaging is used in meat, fish, vegetables, and fruits. Some factors critical for effectiveness 
of modified atmosphere packaging include: initial product quality, good hygiene from 
slaughter, correct packaging material selection, the appropriate gas mix for the product, and 
reliable packaging equipment (Farber, 1991). Genigeorgis (1985) states that microbial shelf 
life extension was directly related to the maintenance of temperatures in the entire processing 
and storage chain of the products. He suggested that this is critical for the use of MAP at the 
consumer level. 
With any technology there are both advantages and disadvantages associated with them. 
Advantages of MAP include inhibition and reduction of bacteria, mold, and fungus growth. 
MAP has also been shown to reduce lipid oxidation, provide color stability and reduce cook 
loss (Sorheim et al., 2001). Disadvantages of MAP include: added cost for special 
equipment, the fact that MAP cannot be used universally between meat products, temperature 
control is critical, and that training is required for employees (Sahoo and Anjaneyulu, 1994). 
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Many gases can be used in modified atmosphere packaging for meat and other foods. 
These include oxygen, nitrogen, carbon dioxide, carbon monoxide, no air (vacuum), and 
others like helium and argon. 
Potential Gas Components 
Oxygen (OZ) is used in modified atmosphere packaging fresh meat products because 
oxygen is so critical for color development during storage. High levels of oxygen (60-80°Io) 
produce a bright red color, while low levels (0.1-5%) cause discoloration and pigment 
oxidation due to rapid metmyoglobin formation. The philosophy remains that a package must 
have high levels of oxygen or no oxygen in the package for best color(Gill, 1996). The use 
of oxygen scavengers in meat packages emphasizes this point. One of the most common gas 
blends with oxygen in fresh meat is 80% OZ/20% COZ, which utilizes the properties of high 
oxygen for color and the reduction in microbial growth properties from the carbon dioxide 
(Sorheim and Nissan, 2000). 
Nitrogen (N2) is an inert tasteless gas with low solubility in both water and lipids. 
Nitrogen is typically used to replace oxygen in the packages, which causes a delay in 
oxidative rancidity (from elimination of oxygen) and inhibit ion of the growth of aerobic 
microorganisms. Nitrogen also has no direct effect on color (Church, 1994). 
Carbon dioxide (COZ) has the ability to reduce growth of most microorganisms. COZ
selectively inhibits the growth of gram negative bacteria such as pseudomonas and related 
psychrotrophs, while COZ is less effective on lactic acid bacteria like Lactobacillus sp. 
(Brody, 1989). CO2 does not have any direct effects on meat color and has been known to 
result cause package collapse when used at high gas proportions for high-moisture foods. 
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However, research has shown that package collapse can be prevented by adding nitrogen into 
the packaging system to reduce gas absorption by the product (Rao and Sachindra, 2002). 
Carbon monoxide (CO) is another colorless, odorless gas that is known for producing 
red color in fresh meat products. Carbon monoxide combined with the myoglobin pigment 
produces a bright red pigment called carboxymyogloblin. Carboxymyoglobin pigment is 
more stable than the oxymyoglobin pigment, which aids in extended color stability. Carbon 
monoxide has little known effects on bacterial growth, but has been shown to increase the lag 
phase of growth in a study with Pseudomonas aeruginosa, Pseudomonas fluorescens, E. coli, 
and Achromabacter (Gee and Brown, 1981). Carbon monoxide is a normal metabolite in the 
body as it is produced indigenously as a product of heme catabolism (Church, 1994). 
Vacuum packaging, or the removal of oxygen has been beneficial to the fresh meat 
industry as it has helped increase shelf life of meat products. The removal of oxygen allows 
only anaerobic microorganisms to grow, increases the color shelf life by reducing the rate of 
metmyoglobin formation, and indirectly reduces the onset of lipid oxidation (Rao and 
Sachindra, 2002) . 
Other gases like helium and argon have been used in modified atmosphere gas blends to 
help prevent package collapse from penetration of the other gases within the meat and 
tissues. 
Carbon Dioxide 
Blickstad and Molin (1983) found that spoilage microorganisms in fresh pork loins were 
significantly reduced by packaging in 89-100°Io CO2 combined with 3% salt. Also, 
reductions of 20% of the Pseudomonas sp. and 30% of the Lactobacillus sp. were found in 
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comparison to aerobic packaged pork cuts. Gill and Jones (1996) found that the shelf life of 
bone-in pork loins was extended from 4-12 days with 0 2+CO2 to 10-35 days with 100% 
CO2. Holley et al. (1994) evaluated fresh pork loins in a variety of modified atmosphere gas 
combinations with CO2 and observed that a slower growth rate in bacteria was achieved. An 
extra seven-days was added to shelf life at 4 °C with a 50% COZ and 50% OZ gas blend. 
Carbon dioxide with nitrogen has shown potential for extension of shelf life. Hall et al. 
(1980) reported significant differences in surface discoloration for control pork loins five 
days sooner than for pork loins stored in 40% COZ/60% NZ gas combination. No flavor 
changes were reported over prolonged storage, but Jeremiah et al. (1992) observed metallic 
and bitter flavor notes changes in prolonged storage of pork loins (Jeremiah et al., 1992). 
Huffman (1974) reported that high levels of CO2 (99.5%) significantly reduced microbial 
growth on fresh pork chops stored above freezing temperatures. Dry-packed broilers 
packaged by flushing with high levels of COZ (80-100°Io) followed by vacuum packaging 
resulted in longer microbial shelf life and less drip loss when compared to conventional over- 
wrap packaging (Thomas et al., 1984). COZ packaged lamb and pork products showed that 
Yersinia enterocolitica-like organisms were able to.survive and grow if the COZ
concentration in the MAP was below 20°Io (Silliker and Woffe, 1981). 
The gas combination of 40% COZ/60°Io OZ was the best atmosphere for positive physical 
attributes of fresh pork sausage including higher water holding capacity, low cooking loss 
and low shear force values. This study also reported a reduction in spoilage bacteria and a 
stable red color (Tremonte et al., 2005). Buys et al. (1994) recommended the gas 
combination of 25°IoCOZ/50% NZ/25% OZ in a study with fresh pork retail cuts because of 
consumer acceptability and color scores. 
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Although rabbit meat is one of the healthiest types of meat, it does not have a large 
market base. The rabbit meat industry has turned to MAP with oxygen, nitrogen, and carbon 
dioxide to help with preservation. One study reported that 30-40% of CO2 in packages 
yielded more cook loss, drip loss, and a higher shear force (Vergara et al., 2005). Another 
study concluded that low levels (20%) of CO2 in combination with nitrogen (80%) would 
provide the best quality and consumer acceptability (Berruga et al., 2003). 
The pH of the meat can also affect the properties of CO2-enhanced packaging. Higher 
pH meats with CO2 enhanced packaging were found to have improved shelf life of up to 42 
days for beef steaks and had a greater reduction of oxidation than the normal pH steaks 
(Rousset and Renerre, 1991). Therefore, the initial pH of the meat can affect the meat 
quality over time. Researchers have found that absorption of large amounts of CO2 in meat 
tissue can cause a minor decrease in pH due to the formation of carbonic acid followed by 
bicarbonate and hydrogen ions. But there are only minor problems related to CO2 in meat 
tissue in regard to color loss, weight loss or lipid oxidation. Some studies have found pore 
formation in cooked meats when high amounts of CO2 (80-90%) were used in modified 
atmosphere packaging (Jakobsen and Bertelsen, 2002; Huffman, 1974). 
Nadon et al. (2001) monitored biogenic amines in CO2-enhanced fresh pork were 
monitored over a 13-week period. It was reported that although the CO2 was successful in 
delaying the bacterial growth, high levels of phenylethylamine were discovered which can be 
considered toxic to certain individuals. During the 13 week study phenylethylamine levels 
ranged from 3-35 ug/g, while typically in meat concentrations are less than 1 ug/g. 
Therefore, these researchers suggested that in addition to microbial counts, biogenic amines 
should also be measured in the packaging system. Jackson et al. (1992) observed that the 
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off-odors associated with gas packaged meat products utilizing 20°IoCO2/ 80°IoO2 were 
related to the amount of volatile compounds produced in the meat. In pork loins, they 
discovered high levels of hexane, methyl thyrane, ethyl acetate, benzene, and heptene, 
starting at days 7-14 of storage (Jackson et al., 1992). 
Carbon Monoxide 
The positive effects of carbon monoxide on meat color have been known for over 40 
years. The use of carbon monoxide in packaging and the pretreatment of meat can be 
divided into five main categories: 1) retail display with low carbon monoxide, 0.1-2.0%, for 
color purposes, 2) retail display with high carbon monoxide, 5-100°Io, for color and 
antimicrobiological purposes, 3) master-bag packaging with 0.4°IoCO with 0 2 scavengers, 
followed by 0 2 permeable wrapping to improve color and microbiological shelf life during 
the post-treatment phase, 4) pre-treatment with 0.1-100% carbon monoxide, followed by 
vacuum or anaerobic packaging and display t0 increase color and microbiological stability, 
and 5) pre-treatment with purified smoke containing 15-30% carbon monoxide, for both 
color and antimicrobiological effects(Sorheim, 2005). 
Carbon monoxide has been linked to improved meat color, prevention of lipid oxidation, 
elimination of premature browning in cooking, and extension of microbiological shelf life. 
Carbon monoxide poses no toxic hazard to either consumers or meat plant workers (Sorheim 
et al., 1997). These researchers compared carbon monoxide exposure from air and exposure 
from consumption of gas-treated meat. They concluded that consumption of one meal with 
CO-exposed meat per day will not result in measurable increases in CO hemoglobin levels 
(Sorheim et al., 1997). 
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Carboxymyoglobin or CO-myoglobin is the term used to describe carbon monoxide 
attachment to myoglobin to yield the bright red color. CO-myoglobin is more resistant to 
oxidation than oxymyogloin because carbon monoxide binds to the iron-porphyrin site on the 
myoglobin molecule. 
A concern for carbon monoxide packaging is that the color will mask microbial spoilage. 
Hunt et al. (2004) evaluated beef steaks and ground beef stored in 0.4% CO, 30% CO2 and 
69.4% N2 and compared this treatment to over-wrap packaging beef steaks and ground beef. 
The research showed that during the 21-day study, none of the beef steaks or ground beef 
stored under MAP had spoilage levels greater than 10' CFU/g. In this experiment, the MAP 
packaged beef products had lower microbial counts than the over-wrapped, which led the 
author to conclude that the carboxymyoglobin did not mask the microbial spoilage (Hunt et 
al., 2004). Many other studies have evaluated both the microbial and quality changes in 
carbon monoxide packaged meat products and found that carbon monoxide did not mask 
spoilage. 
The idea of using a packaging system with low carbon monoxide and high CO2 was 
explored by Sorheim et al. (1999) for both beef and pork. They discovered that 0.4% 
CO/60% CO2/39.6% N2 provided a stable bright red color that lasted beyond the 21 day 
study, while the control atmosphere with 70% 0 2/30% CO2, yielded an unstable bright red 
color and off-odors that developed quickly (Sorheim et al., 1999). 
Kusmider et al. (2002) found that MAP-CO (0.5% CO/ 29.5% N2, 70% CO2) packaging 
of irradiated ground beef increased color values (L* and a~) and reduced the TBA values 
significantly, while minimal off-odors were detected by a sensory panel. In another study 
(Nam and Ahn, 2002), carbon monoxide was linked to the pink color observed in irradiated 
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raw turkey breast meat. Researchers found that the production of carbon monoxide in the 
meat was proportional to the irradiation dose that therefore provided the meat with the 
carboxymyoglobin color. 
Martinez et al. (2005) explored the implications of different concentrations of CO2 with 
low concentrations of carbon monoxide for packaging fresh pork sausage. Researchers 
found that low levels of CO2 concentration (20%) rather than high levels (60%) worked best 
for preserving pork sausage. They also found that high 0 2 (80%) with 20% CO2 enhanced the 
red color but shortened the shelf life. They suggested that 0.3% CO/ 30% CO2/69.7% Argon 
was the best combination to maintain red color and eliminate off —odor for 20 days. 
Lanier et al. (1978) discovered that for ground beef, carbon monoxide with oxygen 
reduced the formation of metmyoglobin. They also discovered that the addition of 
ferricyanide in addition to the CO-air combination further reduced the rate of metmyoglobin 
production . A similar study (Lupo et al., 1998) with high 0 2 and low CO (24% 0 2/ 50% 
CO2/ 25% N2 / 1 % CO) for beef steaks concluded that high oxygen was best for maintaining 
a more stable bright red color, while low oxygen and low carbon monoxide were ideal for 
reduction in bacterial counts. A follow up study (Luno et al., 2000) with beef steaks 
evaluated the use of high CO2 and low carbon monoxide in modified atmosphere packaging, 
and discovered similar results. A gas combination of 70% 0 2/20%CO2/10% N2 achieved the 
best results in beef steaks with a delay in metmyoglobin formation for 29 days of storage, a 
stabilized red color, and maintenance of fresh meat odor up to day 24. 
Fontes et al. (2004) evaluated the color effects of carbon monoxide (100% CO) on 
porcine blood at different pH values. The researchers found that lowering pH from 7.4 to 6.7 
decreased the amount of carbon monoxide necessary to completely saturate the blood. They 
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also observed that the carbon monoxide was stable at all pH values for over four days and 
created the attractive red color. 
Carbon monoxide in combination with temperature control has been reported to reduce 
psychrotrophic microorganisms. Jayasingh et al. (2001) emphasized reduction of microbial 
growth by treatments with either 5% carbon monoxide for 24 hours or 100% carbon 
monoxide for_one hour prior to vacuum packaging with beef steak. They found that color 
was maintained for eight weeks, and microbial levels below 106CFU/g were observed with 
both treatments up to week seven of storage (Jayasingh et al., 2001). Another study with pork 
loins (Viana et al., 2005) found that 99% CO2/ 1% CO achieved the highest consumer 
acceptance score for 24 hour storage. In these packages, Pseudomonas sp. growth was 
limited and psychrotrophic organisms reached 10~ CFU/g after 20 days. 
A reduction of lipid oxidation was observed for storage of pork using a 0.5% carbon 
monoxide atmosphere package compared to an over-wrap oxygen permeable film (Krause et 
al., 2003.) Similar results were shown for beef steaks stored with carbon monoxide at 
concentrations of 0.75-1 %with high oxygen (Lupo et al., 2000). A project summary 
prepared by Oklahoma State University for the Cattlemen's Beef Association (Morgan, 
2003) reported similar results for T-bone steaks with an atmosphere of 0.4% CO/30% CO2/ 
69.6% N2. They reported that top sirloin steaks had aseven-day retail shelf-life extension in 
display, with no bone discoloration. They also found no odor characteristics, drip loss or fat 
discoloration, and the sensory panelists could not distinguish between the treatments 
(Morgan, 2003). 
Cooking might be an obstacle to using carbon monoxide in packaging because 
carboxymyoglobin is not easily denatured. John et al. (2004) evaluated cooked hamburger 
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patties made from fresh beef chubs stored in MAP (0.4% CO/ 30.3°Io CO2/ 69.3°Io N2). They 
found that carbon monoxide packaging prevented premature browning and high TBA values 
in packaged chubs. However, internal patty color remained pink even after a measured 
temperature of 79°C was reached. The color was suggested to be due to development of 
heat-denatured CO-hemochrome rather than the undenatured carbon monoxide myoglobin 
(John et al., 2004). Another study done by John et al. (2005) with case-ready fresh beef 
showed the same results as for the chub-packaged hamburger patties. There was no 
premature browning, and color remained stable internally when fully cooked. 
History of Modified Atmosphere Packaging with Carbon Monoxide 
Norway was the first country to introduce carbon monoxide (CO) into modified 
atmosphere packaging for fresh meat products. From 1985-2003 between 50-60°Io of fresh 
meats being packaged in Norway used carbon monoxide in modified atmosphere packaging 
(Sorheim et al., 2001). However, in 2004 Norway discontinued use of carbon monoxide to 
comply with new European Union regulations, which prohibited the use of carbon monoxide 
in fresh meat products (Sorheim , 2005). Other countries including Australia and New 
Zealand currently allow carbon monoxide packaging, but the use is not widespread in the 
marketplace. 
In 2002, Pactiv Corporation was granted a GRAS approval (Notice No. GRN000083) for 
carbon monoxide at a 0.4°Io level, with carbon dioxide and nitrogen incorporated in a 
modified atmosphere packaging system. The approval was placed under the category of a 
process aid and not an ingredient, which means that no specific labeling is required. This 
approval was granted for case-ready fresh cut meats and ground meat products. 
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In 2004, Precept Foods was approved for an updated version of the 2002 Pactiv Corp. 
approval (GRN 000143). The updated GRAS approval documentation included master-
packaged fresh cut meats and master-packaged ground meats as well as the case-ready meats. 
By updating this GRAS approval, high barrier films and more packaging options were 
available to food manufacturers and packaging companies (Sebranek and Houser, 2006). 
Under the new GRAS approval in 2004, the USDA outlined four applications of carbon 
monoxide for red meats that were deemed safe for consumers. The first two allowed 
applications of 0.4%CO/30% CO2/69.4cIoN2 for case-ready muscle meats and case ready 
ground meats. The third application allowed 0.4°Io carbon monoxide with high oxygen MAP 
for case ready products, and the fourth application allowed 0.4% carbon monoxide as part of 
a master-package MAP system (Sebranek and Houser, 2006). 
GRAS Approval in the US 
Generally recognized as safe, or GRAS, is a designation by the rI~A that a chemical or 
substance (including certain pesticides) added to food is considered safe by experts and is, 
therefore, exempted from the usual FN'1~CA food additive tolerance requirements. GRAS is a 
regulatory category created for a group of food additives that were exempted from the more 
rigorous regulatory requirements for food additives in the 1958 Food Additives Amendments 
to the Fr'I~CA of 1938. A GRAS designation typically exists in one of three forms: self-
affirmed, ~`l~A-pending and "no comment". Self-affirmed is when the manufacturer of the 
chemical or substance in question has performed all necessary research, including the 
formation of an expert panel to review safety concerns, and is prepared to use these findings 
to defend its product's GRAS status. r1~A-pending is when the manufacturer has performed 
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all the aforementioned due diligence, and has submitted a request to the r1.~A for GRAS 
approval. "No comment" is when the rllA has reviewed a product's GRAS claim and 
responded with "no comment," i.e. no further challenges on the product's GRAS status 
(Fi~A, 2005) . 
Current Issues with Modified Atmosphere Packaging with Carbon Monoxide 
On November 15th, 2005, Kalsec Inc. submitted a citizens' petition to the r'i)A to ban the 
use of carbon monoxide in fresh meat products. Kalsec has petitioned the r`DA to "prevent 
serious food safety harm to the public, and preserve consumer confidence in the safety and 
integrity of the US meat supply" (Kalsec, 2005). Kalsec claims that the Federal Food, Drug, 
and Cosmetic Act is being violated. The company suggests that carbon monoxide in 
modified atmosphere packaging will mask potential signs of age and spoilage of meat 
products, thus increasing food safety concerns. Kalsec, also suggests that carbon monoxide 
packaging under FFDCA should be placed in the category of a "food additive" or "color 
additive" because of its color imparting effects. Kalsec disagrees with the protocol and 
rationale behind the GRAS approvals of carbon monoxide in 2002 and 2004, and believes 
that the two GRAS approvals should be withdrawn because section 721 carbon monoxide 
does not comply with color additive rules. If Kalsec is correct in their assumption that 
carbon monoxide is a "food additive," then under The USDA-Food Safety and Inspection 
Service's definition, it is unlawful to use carbon monoxide for fresh meat. The petition 
includes 24 attachments of evidence that illustrate why Kalsec believes the carbon monoxide 
packaged foods are a violation of the Federal Food, Drug, and Cosmetic Act. 
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Documents attached to this petition include: past petitions to declare nitrites in bacon as 
color additives, the prohibition of sulfites in meat products for their color enhancing effects, a 
study showing that retail display coolers cannot maintain the 4°C temperature that is needed, 
studies done by the European Free Trade Association Surveillance Authority concluding that 
CO causes misleading color effects, multiple studies done with carbon monoxide for tuna and 
reasons why carbon monoxide should be used for this product, and data from experiments 
that Kalsec performed with carbon monoxide and salmonella (Kalsec, 2005). 
This study, performed by S & J Laboratories, Inc. for Kalsec is entitled "Pathogen 
inoculation of ground beef under modified atmosphere (MAP) conditions" and was done to 
determine the safety of carbon monoxide MAP packaging. Fresh ground beef was inoculated 
with Salmonella sp. or E. coli O157:H7 and stored under 0.4% CO/30% CO2/69.6% N2 or 
82% 0 2/ 18% CO2 gas combinations at 4 °C and 10°C .Microbial analysis, colorimeter 
readings, atmosphere composition analysis and photography were used to determine the 
MAP effects. The results showed that the aerobic, anaerobic and psychrotrophic plate counts 
reached 10~ cfu/g or higher by day 4 in the 10°C samples and by day 10 in the 4°C samples. 
There were no significant differences between the 0.4% CO/30% CO2/69.6% N2 gas 
combination and the 82% 0 2/ 18% CO2 used in the MAP. The samples with the 0.4% 
CO/30% CO2/69.6% N2 gas combination remained bright red color throughout the test even 
at the 10g cfu/g counts, while the 82% 0 2/ 18% CO2 lost the red color before the plate counts 
reached 10~ cfu/g. In the treatments with Salmonella sp. and E. coli O157:H7, the samples 
with 0.4% CO/30% CO2/69.6% NZ stored at 10°C had much faster growth pattern than the 
other gas atmosphere, while maintaining a fresh red meat color throughout the study(Kalsec, 
41 
2005). The study does not indicate what statistical procedures were used or what level of 
significance were used. 
Since this petition was filed in November Of 2005, articles have appeared in the New 
York Times, the Washington Post and several other newspapers and magazines discussing 
consumer concerns about the use of carbon monoxide with fresh meat products. Consumer 
groups have come forth with editorials condemning the safety of carbon monoxide in 
packaged meat products. On February 27th, 2006, one of the largest grocery chain in the 
United States, Kroger's, said that they were removing all products with carbon monoxide 
packaging from their shelves (McGuire, 2006) 
To counter the negative publicity, scientists and researchers with expertise in MAP have 
written to the r'1.~A to provide science-based information on carbon monoxide packaging and 
realistic risk assessments. The American Meat Institute will hold a special meeting in March 
2006 to discuss the advantages and safety of the use of carbon monoxide in fresh meat 
products. 
Over the next year, the r'vA and USDA-FSIS will review the petition and determine the 
relative risk of carbon monoxide packaging for fresh meat products. As a result 
modifications in the use of carbon monoxide for meat packaging may result. A ban of 
carbon monoxide for fresh meat products is also a possibility. 
Approved Patents 
There have been several patents approved for modified atmosphere packaging systems 
with carbon monoxide because of the benefits associated with this technology. In 2000, 
Ramot University for Applied Research and Industrial Development in Illinois obtained a 
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patent for carbon monoxide saturated, preserved raw meat (Shaklai, 2001). Their claim is that 
carbon monoxide saturated in a sealed container with at least one atmosphere of pressure for 
a time period sufficient to convert myoglobin to carboxymyoglobin prior to auto-oxidation 
will maintain color and freshness due to the reduction of bacterial growth. 
Another patent obtained in 2003 by Mercogliano et al. claimed that carbon monoxide in 
combination with helium gas and a final vacuum step can achieve a limited penetration of the 
mixture into the surface of the meat and lengthen fresh cut meat shelf life. 
Later in 2004, Shaklai used carbon monoxide in a different method to lengthen product 
shelf life. They first exposed the raw meat to an atmosphere of carbon monoxide and then 
placed the meat in a master package without a vacuum step, claiming that this method was 
best for along-term preservation of meat (Shaklai, 2004). 
A combination of 0.1%carbon monoxide with a pressure of greater than 1.1 bars above 
atmospheric pressure for less than seven hours was the basis for patent by this author claimed 
that the pressure chamber was critical for maintaining color shelf life (Foulke, 2005). 
A system designed to inject carbon monoxide into the interior of a meat product to 
produce a desired carbon monoxide saturation level was the basis for a patent granted to the 
Culbertson Group in 2005 (Roth, 2005). Carbon monoxide was added to the meat products 
in a liquid state to control the desired saturation levels. This technique can be used in a pre- 
treatment application or post-treatment application. 
Other Industries 
The use of modified atmospheric processing and packaging has helped extend the shelf 
life of fish and fish products due to reduction in microbial growth and color retention. In a 
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study conducted in Taiwan with tuna, Chow and Chu (2004) found that Yellow fin tuna 
steaks treated with carbon monoxide gas (99.5 °Io CO/ 0.5 °Io 0 2) and then vacuum packaged 
maintained color stability even after heating for 30 minutes at 50-100°C. This is beneficial 
to this industry because a bright red color is desired. Another study with Mediterranean fish 
(red mullet) and CO2 gas atmosphere (99.5% CO/ 0.5% 0 2) packaging suggested benefits in 
the reduction of spoilage bacteria like Pseudomonas sp., Shewanella putrefaciens, 
Brochothrix thermosphaca, and lactic acid bacteria (Koutsoumanis et al., 2000). 
Fresh cut fruits and vegetables are other industries that have seen benefits in the use of 
modified atmosphere packaging. Cilantro producers found that the reduction of oxygen and 
the application of CO2 in modified atmosphere packaging (10°Io 0 2/ 90°Io CO2) reduced loss 
of moisture, which caused wilting, and decreased aerobic microorganisms (Luo et al., 2004). 
Shredded carrots and cabbage have packaged with CO2 at 25% levels in combination with 
oxygen to eliminate the potential of S. aureus, L. innocua, S. typhimurium, and C. 
perfringens at a storage temperature of 7 °C (Finn and Upton, 1997). Lettuce and celery 
processors have utilized 0 2 (21 °Io), CO2 (3 °Io), and CO (1 °Io) in packaging to increase 
marketability by about 11 weeks for these products(Reyes and Smith, 1987; Stewart, 1978). 
Justification for Project 
The use of modified atmosphere packaging is an Old technology for the fish, vegetable, 
fruit, and meat industry. The literature suggests that modified atmosphere packaging with 
high levels of carbon dioxide and low levels of carbon monoxide can improve shelf life of 
fresh pork sausage. 
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High levels of carbon dioxide in modified atmosphere packaging has been shown to 
reduce the microbial growth of spoilage and pathogenic bacteria (Tremonte, et al., 2005; 
Viana, et al., 2005) as well as reduce lipid oxidation in meat products (Rousset and Renerre, 
1991). Low levels Of carbon monoxide in modified atmosphere packaging has been shown 
to produce a bright cherry red pigment in fresh meat products that helps with color stability 
(John, 2004), as well as had bacterial effects of some spoilage microorganisms (Jayasingh, et 
al., 2001) and reduction of lipid oxidation in meat products (Krause et al., 2003; Luno et al., 
2005) . 
The hypothesis for this thesis is that the addition of 0.4°Io carbon monoxide and 99.6% 
carbon dioxide in modified atmosphere packaging systems has potential to increase shelf life 
of fresh ground pork and pork sausage by reducing microbial growth, reducing rancidity 
development and maintaining color stability. 
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CHAPTER 3: EVALUATION OF MODIFIED ATMOSPHERE PACKAGING 
WITH CARBON MONOXIDE FOR FRESH GROUND PORK, FRESH PRE-RIGOR 
PORK SAUSAGE AND POST-RIGOR FRESH PORK SAUSAGE 
Abstract 
Fresh ground pork, fresh pre rigor pork sausage and post rigor pork sausage patties were 
manufactured in the Iowa State Meat Laboratory and placed individually in either modified 
atmosphere packaging (MAP) bags with 0.4aIo carbon monoxide (CO) and 99.6% carbon 
dioxide (CO2) or over-wrapped with oxygen permeable film on foam trays (OW), and stored 
at 2-4°C under fluorescent lights for up to 31 days. Aerobic plate counts, anaerobic plate 
counts, psychrotrophic plate counts, raw and cooked color, purge and lipid oxidation were 
measured for all three products. Sensory evaluation was performed with a trained panel for 
the fresh ground pork and post-rigor pork sausage. Results indicated that the ground pork, 
pre-rigor pork sausage and post-rigor pork sausage in MAP had lower aerobic and 
psychrotrophic plate counts and reduced rate of lipid oxidation throughout storage (P<0.05). 
All three products in MAP were lighter (high L~` value) than the OW patties in both the raw 
and cooked color measurements, and all three products in MAP were redder than the OW 
patties in the raw color (p<0.05). The pre-rigor pork sausage in MAP, however, was the only 
product that was significantly redder than the other two products in MAP and OW in cooked 
form (p<0.05). Sensory evaluation showed no differences in packaging type or product type 
for pork aroma, sour-like aroma, off-aroma, firmness, juiciness, pork flavor, sour flavor, and 
off-flavor in both cooked products and no differences in sausage/spice aroma in both raw 
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products (p>0.05). Significance was shown in both raw products in MAP for sour-like 
aroma and cherry red color, and for both cooked products in MAP for red and brown color 
(p<0.05). An increased amount of purge, increased amount of anaerobic growth, and 
cooking defect like fluffing also was observed in the products in MAP throughout the storage 
(p<0.05). In conclusion, MAP, with a combination of CO and CO2, extended the shelf life of 
fresh ground pork, pre-rigor pork sausage and post-rigor pork sausage by reducing microbial 
growth and improving quality attributes, particularly color, compared to conventional OW 
packaging. 
Introduction 
Every year the United States consumes over 1 billion pounds of pork sausage, which 
represents amulti-million dollar contribution to the meat industry (Zanardi et al., 2002). 
Pork sausage is recognized as having a relatively short shelf-life in the fresh form due to 
color loss, rapid onset of lipid oxidation and/or rapid microbial growth (Farber, 1991). 
Traditionally, pork sausage manufacturers have used natural and synthetic antioxidants, pre-
rigor meat, reduced fat and salt content and additional non-meat ingredients to extend the 
shelf life. While these approaches all contribute to shelf-life extension of fresh pork sausage, 
the expected shelf-life is still relatively short in comparison to other processed meat. New 
innovative methods are needed to further extend pork sausage shelf life. 
Modified atmosphere packaging has been used for years to extend shelf-life for fish, 
vegetables, and fruits. Modified atmosphere packaging (MAP) is defined as "the packaging 
of a perishable product in an atmosphere which has been modified so that its composition is 
other than that of air" (Brody, 1989). Modified atmosphere packaging for the meat industry 
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can be dated back to the 1930s when Australia and New Zealand shipped fresh beef cuts to 
Great Britain (Zhao et al., 1994). By the late 1930s, 26aIo of the beef in Australia and 60°Io of 
the beef in New Zealand were commercially shipped under master-packaged in CO2
atmospheres. Development of packaging materials facilitated MAP packaging, which began 
to expand after 1981 when Mark and Spencer in the UK introduced a wide range of fresh 
meat products packaged under modified atmosphere (Farber, 1991). 
High concentrations of carbon dioxide in modified atmosphere packaging have been 
shown to reduce the microbial growth of spoilage, as well as reduce lipid oxidation in meat 
products. Low concentrations of carbon monoxide in modified atmosphere packaging have 
been shown to produce a bright cherry red pigment in fresh meat products that extends 
product color life. 
vianna et al. (2005) evaluated pork loins packaged in 99°Io CO2/ 1 °Io CO, and reported 
the highest consumer acceptance score for 24 hour storage for this treatment compared with 
100°Io CO2, 100% CO and 100°Io 0 2. In these packages (99aIo CO2/ 1°Io CO), Pseudomonas 
sp. growth was limited and psychrotrophic organisms didn't reach 10~ CFU/g until after day 
20. Huffman (1974) reported that high concentrations of CO2 (99.5°Io CO2/ 0.5°Io 02) 
reduced microbial growth on fresh pork chops stored above freezing temperatures. Luno et 
al. (2000) found with beef steaks with high CO2 and low CO (50°Io CO2/ 25aIo N2/ 24°Io 0 2/ 
1 °Io CO) in modified atmosphere packaging produced a more stable bright red color, reduced 
lipid oxidation and reduced microbial growth. 
Krause et al. (2003) reported a reduction in lipid oxidation and improved color stability 
for pork loins packaged in 0.5% carbon monoxide in combination with carbon dioxide and 
nitrogen in modified atmosphere packaging. For beef products, carbon monoxide at levels of 
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0.5-1.0% in combination with carbon dioxide and oxygen had similar results in terms of 
reducing lipid oxidation and microbial growth (Kusmider et al., 2002). 
Pre-rigor meat is preferred over post-rigor meat because pre-rigor meat has been reported 
as having a higher pH, lower aerobic microbial counts and less cook loss (Lin, 1979). Also 
pre-rigor meat has been reported as having higher water holding capacity due to the high pH, 
more color uniformity and less weight loss during chilling (Honikel and Fischer, 1987). 
However, pre-rigor meat has been shown to have shape distortion from chilling rapidly and a 
darker color. These negative attributes have been researched and may be controlled by 
chilling temperature and chilling rate (Pisula and Tyburcy, 1996). 
These studies among several others involving fresh meat have demonstrated that 
modified atmosphere packaging with high carbon dioxide concentration and low carbon 
monoxide concentration can effectively extend shelf life of fresh meat products. In addition 
the advantages of the use of pre-rigor meat were explored. 
The objectives of this study was to evaluate the effects of modified atmosphere 
packaging (MAP) on microbial properties quality attributes sensory properties of fresh 
ground pork, pre-rigor pork sausage and post-rigor pork sausage. 
Experimental Methods and Materials 
The study was conducted with two experiments. In experiment # 1, packaging systems 
for fresh post-rigor ground pork and fresh post-rigor pork sausage were compared. In 
experiment #2, packaging systems for fresh pre-rigor pork sausage and fresh post-rigor pork 
sausage were compared. The study was conducted in this fashion to facilitate sample 
collection and analysis, and to ensure adequate storage space for all experimental treatments. 
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Sample Preparation 
For experiment # 1, fresh ground pork patties were prepared by coarse grinding 50/50 
pork trim and 85/15 pork trim through a 7.62 cm plate followed by blending to a final fat 
percent of 28%. The meat was placed back into the grinder and then fine ground through a 
2.54 cm plate. The post-rigor fresh pork sausage patties were prepared by coarse grinding 
50/50 pork trims and 85/15 pork trim through a 7.62 cm plate followed by blending to a final 
fat percent of 28°Io. The meat was then placed in a mixer (Hopper KLM 110, Koch 
Equipment, Kansas City, MO) and blended with spices (Pork Sausage Blend TG-04-417-00, 
AC Legg, Calera, AL). After blending, the mixture was ground through a 2.54 cm plate. All 
pork trimmings were supplied by the Iowa State Meat Laboratory. 
For experiment #2, fresh post-rigor pork sausage patties were prepared using the same 
procedure as for experiment # 1. The fresh pre-rigor pork sausage patties were prepared by 
placing coarse ground salted pre-rigor 70/30 pork trim into the mixer (Hopper KLM 110, 
Koch Equipment, Kansas City, MO) and blending with spices (Pork Sausage Blend TG-04-
417-00, AC Legg, Calera, AL). After the spices were mixed, the batch was ground through 
the 2.54 cm plate. Fat content was 30°Io in the finished product. Pine Ridge Farms of Des 
Moines, Iowa supplied the salted pre-rigor coarse ground pork trim. 
For both experiments, each batch of ground pork or pork sausage was individually placed 
in an extruder (Colosimo Press Model 400, Colosimo Magna, Utah) to form patties. Each 
patty weighed between 85-95 grams and measured approximately 10 cm X 10 cm X 0.69 cm. 
One-half of the patties were placed on individual foam trays (TF1 0250, White 20.83 cm X 
14.48 cm X 1.52 cm, Pactiv, Lake Forest, IL) and over wrapped with oxygen permeable film, 
while the other half was placed in bags (Vacuum pouch #B620, 20.3cm X 30.48cm, Cryovac 
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Sealed Air Corporation, Bolingbrook, IL) and using a Multivac model C500 (Koch 
Equipment, Kansas City, Missouri), filled with a gas blend of 0.4% CO and 99.6°Io CO2 at 
400 MPa. The gas cylinders with the 0.4oIoC0/99.6°Io CO2 gas blend were supplied by the 
Iowa State University Chemistry Stores and obtained from Linweld Company in Lincoln, 
Nebraska. All packages were stored under fluorescent lights at refrigerated temperature (2-4 
degree C) for the duration of storage. The MAP packages were stored 31 days post 
packaging, while the over-wrapped packages were stored 22 days post-packaging for all 
three products. The over-wrapped packages were held for a reduced amount of time because 
onset of rancidity was apparent by day 21 of storage. 
Quality Assessments 
The TBARS (2-thiobarbituric) procedure by Tarladgis et al. (1960) was used to measure 
the amount of lipid oxidation in the products. Duplicate TBARS readings were taken for each 
treatment sample recorded. 
Color stability was measured using Hunter L*,a*, and b* values (AMSA, 1991). The L*, 
a*, and b* values were measured on the surface of patties using a HunterLab LabScan 
instrument (Model LS< 1500, Hunter Associated Laboratories Inc., Reston, VA.). Illuminant 
D75 and 10-degree observer light source (representing daylight @7500K) with a 2.54 cm 
port insert were used as the parameters for the HunterLab LabScan. Raw and cooked patties 
were held at room temperature for about twenty minutes prior to measurement. Three 
measurements were taken on random locations of each patty for each treatment. 
The cooking procedure followed that established for pan boiling/pan frying of fresh beef 
patties (AMSA, 1995). An industrial sized electric griddle (Mode1351, Star Manufacturing 
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Company, St. Louis, MO) was preheated to 163°C and monitored for surface temperature 
with a stove top thermometer (Model A48210, Red Hill, Hillsville, VA). The patties were 
turned each minute for the first two minutes and then every 15 seconds afterward until an 
internal temperature of 77°C was reached. A hand thermometer (Model 11025, DeltaTrak, 
Pleasanton, CA) was used to determine the internal temperature of the patties. 
Purge was measured in two ways based on packaging type. For the over-wrapped 
packaging, the foam trays were weighed prior to packaging date and on the sampling day, the 
entire packaged (unwrapped foam tray, over-wrapping, and patty) was weighed. The oxygen 
permeable film was removed from the package and dried using paper napkins and the 
weighed dry. The patty was removed from the foam tray and patted with paper napkins 
twice on each side to remove excess purge and then re-weighed. Purge was calculated as: 
(The total package weight- foam tray (prior to packaging) —oxygen permeable film (day of 
sampling) —dried patty) divided by the total package weight. The modified atmosphere 
packaged products were measured by weighing the MAP bags prior to packaging date, and 
then on the day of sampling the entire package (Unopened MAP bag and patty) was weighed. 
The patty was removed from the MAP bag and patted with paper napkins twice on each side 
to remove excess purge and then re-weighed. The purge was calculated as: (The total 
package weight —MAP bag (prior to packaging)- dried patty) divided by total package 
weight (Krause et al., 2003). 
Each experiment was replicated three times and a linear model was fit with PROC GLM 
(SAS Inst., Inc., Cary, N.C., version 9.1) to determine the effect of packaging on the quality 
attributes. When a fixed effect was significant (p<0.05), post-hoc tests of differences were 
calculated and then adjusted with the Tukey procedure. 
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Microbiological Assessments 
Aerobic plate counts, anaerobic plate counts, and psychrotrophic plate counts were 
monitored using standard microbiology methods (Vanderzant and Splittstoesser, 2001). 
Total aerobic plate counts were determined using tryptic soy agar and incubated at 35 ° C for 
48 hours to identify the aerobic population in the meat. Psychrotrophic plate counts also 
utilized tryptic soy agar, but were incubated at 10 °C for 5 days to determine the amount of 
aerobic microorganisms present at refrigerated temperatures. Anaerobic plate counts were 
plated on MRS agar (de Man, Rogosa and Sharpe Agar) in candle- oats jar with anaerobic 
packets (B71040, Fischer Scientific, Pittsburg, PA) at 32 °C for 6 days. 
The experiment was replicated three times and a mixed linear model was fit with PROC 
GLM (SAS Inst., Inc., Cary, N.C., U.S.A, version 9.1) to determine the effect of packaging 
on the microbial attributes. When a fixed effect was significant (p<0.05), post-hoc tests of 
differences were calculated and then adjusted with the Tukey procedure. 
Sensory Evaluation 
Ten panelists were recruited from the faculty, staff, and students at Iowa State University. 
The University's Human Subjects in Research Committee reviewed and approved the project 
and the panelists were compensated for their participation. Panelists were trained to evaluate 
the aroma, texture, flavor, and color attributes in two one-hour training sessions. During 
training, panelists were familiarized with the sensory terms, the evaluation techniques, and 
the computer software scoring system. Panelists were trained by using the actual test 
products, selected to exhibit the characteristics of the attributes being evaluated. Fresh 
ground pork and fresh post-rigor meat were used as the product types. 
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For the cooked products, patties were grilled in an electric skillet, set at 163°C, to an 
internal temperature of 77 °C. The temperature of the patties was monitored using a 
thermocouple (Chromega/Alomega, Santa Ana, CA) attached to an Omega digital 
thermometer (Model DSS-650, Omega Engineering, Stamford, CT). Four patties per 
treatment were cooked. The square- shaped patties were cut into quarters and each panelist 
received a quarter (cut again in half) of a patty in a covered, 4-ounce Styrofoam container 
labeled with a random three-digit code. Samples were served immediately after cutting. 
Each panelist evaluated two samples per session and three test sessions (one replication per 
session) were conducted over athree-week period. Cooking/serving orders were randomized 
over the three test sessions. Samples were presented sequentially. Testing was conducted in 
partitioned booths and under red fluorescent lights. Water and unsalted crackers were 
available to the panelists. Aline scale (numerical value of 15 units), with descriptors 
representing low intensity (none) at the left and high intensity (intense) at the right, was used 
for scoring the following attributes: pork aroma, sour-like aroma, off-aroma, pork flavor, 
sour flavor, and off-flavor. Firmness (left anchor-not firm, right anchor-very firm) and 
juiciness (left anchor-not juicy, right anchor-very juicy) were also evaluated. If panelists 
scored an off-aroma and/or off-flavor, they were asked to describe it under the comments 
section. Data was collected by using a computerized sensory scoring system 
(COMPUSENSE five, v 4.4, Compusense, Inc., Guelph, Ontario, Canada N 1 H3N4). 
Following the session, the panelists evaluated the color of a single cooked pork patty 
from each treatment. The patties, on white ceramic plates were labeled with random three-
digit codes and placed on a white paper background. The patties were evaluated under white 
florescent lighting positioned to provide 70 loot-candles at the counter surface. Placement 
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order was randomized for each session and an unstructured line scale (numerical value of 15 
units) was used to collect the data. Panelists evaluated the intensities of the brown and red 
colors. The left descriptor anchor was labeled none and the right anchor was labeled intense. 
Following the color evaluation of the cooked patties, individual raw patties in their 
original packages were presented to panelists on trays that had been pre-cooled. The bags 
were labeled with random three-digit codes. The patties were served cold, directly from the 
refrigerator (4°C). Panelists were instructed to cut open the bag as close to the sample as 
possible and smell the sample. Each panelist evaluated two samples per session and three 
sessions (one replicate per session) were conducted over athree-week period. The samples 
were presented simultaneously and panelists were instructed to evaluate the samples in the 
randomized order presented on the computer screen. Testing was conducted in partitioned 
booths and under red fluorescent lights. Samples were evaluated for pork aroma, sour-like 
aroma, and off-aroma. Aline scale (numerical value of 15) was used with descriptive 
anchors (left anchor-none, right anchor-intense) at each end of the line. If panelists scored an 
off-aroma, they were asked to describe the off-aroma under the comments section. Data was 
collected by using a computerized sensory scoring system (COMPUSENSE five, v 4.4, 
Compusense, Inc. Guelph, Ontario, Canada N1H3N4). 
A mixed linear model was fit with PROC MIXED (SAS Inst., Inc., Cary, N.C., version 
9.1) to determine the effect of packaging on the sensory attributes. A random subject term 
was fitted to incorporate subject-to-subject variability. When a fixed effect was significant 




Lipid Oxidation Values 
Experiment #1-Fresh ground pork/ post-rigor pork sausage 
Results shown in Figure 2A clearly demonstrate that over-wrapped products had the 
fastest rate of lipid oxidation. A TBARS level of 1.0 was chosen as the point of potentially 
detectable lipid rancidity for this experiment. This value was based on previous studies with 
modified atmosphere packaging and pork products (Krause et al., 2003). Lipid oxidation 
levels exceeded a TBARS value of 1.0 by day 7 of storage in the over-wrapped packages for 
both the fresh ground pork and post-rigor pork sausage, while the modified atmosphere 
packaged products did not reach that level until day 22 of storage. These results 
demonstrate that MAP packaging increased the product shelf life in terms of lipid oxidation 
by at least two weeks over that of over-wrapped packaging products. 
The fresh ground pork patties in modified atmosphere packages had lower TBARS values 
from days 3 to 22 of storage compared to fresh ground pork in over-wrapped package 
(p<0.05) (Fig. 2A). The modified atmosphere packaged post-rigor pork sausage patties had 
lower TBARS values than the over-wrapped post-rigor pork sausage from days 3 to 22 of 
storage (p<0.05) (Fig. 2A). The over-wrapped ground pork were also significantly lower 
than the over-wrapped post-rigor pork sausage from days 6 to 13 of storage (p<0.05). 
Consequently, the comparison in experiment one showed that the fresh ground pork and 
post-rigor pork sausage both had a lower TBARS values during the storage when packaged 
in MAP compared with over-wrapped packaging. Also the ground pork in over-wrapping 
had lower TBARS values during the middle of the experiment. 
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Experiment #2- Fresh post-rigor pork sausage/ fresh pre-rigor pork sausage 
Figure 2B shows the effects of packaging on pre-rigor and post-rigor pork sausage. Both 
over-wrapped packaged products resulted in a faster rate of oxidation than did the MAP 
products. Pre-rigor over-wrapped patties exceeded TBARS value of 1.O level by day 14, 
while the modified atmosphere packaged products did not reach this level until day 27. 
Similarly, post-rigor over-wrapped pork sausage reached a TBARS level of 1.0 by day 6, 
while the modified atmosphere packages did not reach the TBARS value of 1.0 until day 19 
of storage. 
The over-wrapped pre-rigor pork sausage had lower TBARS values than the over- 
wrapped post-rigor pork sausage at day 3 and this difference was sustained during storage 
(p<0.05). Also, the pre-rigor pork sausage in the modified atmosphere packaging had lower 
TBARS values than the post-rigor pork sausage in the same packaging. This difference was 
consistent for all storage times and was statistically significant at days 6-10 and 17-22 of 
storage (p<0.05). There was consistent difference between the fresh pre-rigor pork sausage 
and the post-rigor pork sausage in either packaging system throughout the storage. 
Results in experiment two were similar to experiment one in that the modified 
atmosphere packaged patties had lower TBARS values than the over-wrapped patties. In 
addition as might be expected the pre-rigor pork sausage in both over-wrap and MAP had 
lower TBARS than the post-rigor pork sausage. 
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FIGURE 2: TBARS measured for (A) fresh ground pork and fresh post-rigor pork sausage 
and, (B) fresh post-rigor pork sausage and fresh pre-rigor pork sausage stored at 4 ° C under 
fluorescent lights 
2A. Fresh ground pork and fresh post-rigor pork sausage (Experiment 1) 
2A: (--~--): Fresh ground pork in over-wrap packaging; (--~--): fresh ground pork in MAP (99.6% 
CO2/0.4%CO); (--♦--): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in 
MAP (99.6% CO2/0.4%CO); 
2B. Fresh post-rigor and fresh pre-rigor pork sausage (Experiment 2) 
2B: (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in MAP (99.6% 







Figure 3A shows the packaging effects observed in fresh ground pork and post-rigor pork 
sausage in for L* or lightness values. The over-wrapped fresh ground pork was lighter in 
color than the over-wrapped post-rigor pork sausage throughout storage and also the fresh 
ground pork in modified atmosphere packages was also significantly lighter than the 
modified atmosphere packaged post-rigor pork sausage on days 1-31 of storage (p<0.05). 
It is clear from experiment one that the fresh ground pork was lighter in color than the 
post-rigor pork sausage regardless of packaging used. This is to be expected given the 
effects of salt on color of fresh pork sausage. Packaging effects were observed only on a few 
storage days and consequently no significant differences were observed for packaging in 
regard to uncooked lightness values. 
Experiment #2 
Figure 3B shows that the pre-rigor pork sausage was lighter in color than the post-rigor 
pork sausage on days 1-22 (p<0.05) of storage for over-wrapped pork sausage and from day 
1-31 (p<0.05) of storage for MAP packages. 
Results from experiment two shows that the pre-rigor pork sausage was lighter than the 
post-rigor pork sausage in both packaging systems. Again packaging effects were observed 
only on a few storage days, therefore no trend could be observed for packaging effects on 
regard.uncooked lightness values. 
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FIGURE 3: Uncooked L*- color values for (A) fresh ground pork and fresh post-rigor pork 
sausage and, (B) fresh post-rigor pork sausage and fresh pre-rigor pork sausage stored at 4 ° 
C under fluorescent light 
3A. Fresh ground pork and fresh post-rigor pork sausage (Experiment 1) 
3A: (--~--): Fresh ground pork in over-wrap packaging; (--■--): fresh ground pork in MAP (99.6% 
CO2/0.4%CO); (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in 
MAP (99.6% CO2/0.4%CO); 
3B. Fresh post-rigor and fresh pre-rigor pork sausage (Experiment 2) 
3B: (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in MAP (99.6% 




Experiment # 1 
Figure 4A clearly shows the different packaging effects on fresh ground pork and post- 
rigor pork sausage for redness (a*). 
The over-wrapped ground pork was redder than the over-wrapped post-rigor pork 
sausage after day 13 of storage and the ground pork in modified atmosphere was redder than 
the post-rigor pork sausage in modified atmosphere for the entire storage period (p<0.05). 
The ground pork in modified atmosphere was redder than the over-wrapped ground pork 
during storage (p<0.05), but no packaging effect were observed except day 22 for the post- 
rigor pork sausage (p>0.05). 
The results in experiment one showed that the fresh ground pork expressed a redder 
appearance than the post-rigor pork sausage during storage. Again, this is not surprising 
given the known effects of salt on fresh meat color. 
Experiment #2 
Figure 4B shows the results for the pre-rigor and post-rigor pork sausage. The pre-rigor 
pork sausage in modified atmosphere was redder through the entire storage than the post- 
rigor counter products. 
The pre-rigor pork sausage in modified atmosphere packaged was redder than the post- 
rigor pork sausage throughout the storage period (p<0.05). 
There was no difference between the over-wrapped pre-rigor pork and post-rigor pork 
sausage treatments during storage except for day 22 of storage with the post-rigor being 
significantly redder (p<0.05). No differences in packaging effects were observed between 
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the post-rigor pork sausage in over-wrap and post-rigor pork sausage in MAP during storage 
except day 22 with over-wrapped being the redder (p>0.05). 
The results of experiment two showed that the pre-rigor pork sausage benefited more 
from the modified atmosphere packaging than the post-rigor pork sausage through the entire 
experiment. The pre-rigor pork sausage modified atmosphere packaged was redder than the 
post-rigor pork sausage in MAP. Product effects with over-wrapping were observed on only 
one storage day and consequently no differences were observed (p>0.05). 
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FIGURE 4: Uncooked a*- color values for (A) fresh ground pork and fresh post-rigor pork 
sausage and, (B) fresh post-rigor pork sausage and fresh pre-rigor pork sausage stored at 4 ° 
C under fluorescent light 
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4A: (--~--): Fresh ground pork in over-wrap packaging; (--~--): fresh ground pork in MAP (99.6% 
CO2/0.4%CO); (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in 
MAP (99.6% CO2/0.4%CO); 
4B. Fresh post-rigor and fresh pre-rigor pork sausage (Experiment 2) 
4B: (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in MAP (99.6% 





Yellowness (b*) values are not as directly related to meat color as the lightness and 
redness values, consequently the data from the b* measurements are not shown here. 
However, the results indicate that the fresh ground pork was more yellow than the post-rigor 
pork sausage and the over-wrapped patties were more yellow than the MAP samples (data 
not shown). 
Experiment #2 
Comparison of pre-rigor and post-rigor pork sausage showed that the pre-rigor pork 
sausage was more yellow than the post-rigor pork sausage. Over-wrapped patties were more 




The results of color measurements of cooked patties are shown in Figure SA. Generally 
speaking, the products in MAP packaging were lighter (greater L* value) than the over- 
wrapped products. 
The fresh ground pork in MAP was lighter in color than the post-rigor pork sausage on 
days 3, 6, 10, 15, 17, and 29 (p>0.05). The post-rigor pork sausage in MAP was lighter in 
color than the post-rigor pork sausage in over-wrap on days 3, 6, and 10-22 of storage 
(p<0.05). The ground pork in over-wrap was not significantly different than the post-rigor 
pork sausage in over-wrap. 
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Thus, experiment one showed that the cooked patties from MAP were lighter in color 
than the cooked patties from over-wrap package, but there was no difference between the two 
meat products. These findings are of interest because one goal of this experiment was to 
determine whether the MAP treatment would result in color differences after cooking. The 
results showed that the carboxymyoglobin pigment contributed to a lighter colored product in 
both the raw and cooked patties. 
Experiment #2 
Figure SB clearly shows that the cooked pre-rigor pork sausage was lighter than the 
cooked post-rigor pork sausage regardless of the packaging system. 
The pre-rigor pork sausage in over-wrap was lighter in color than the post-rigor pork 
sausage in over-wrap for the entire storage period (p<0.05) and the pre-rigor pork sausage in 
MAP were lighter than the post-rigor pork sausage in MAP (p<0.05). 
As in experiment one, experiment two showed that the cooked patties from MAP were 
lighter than the cooked patties from over-wrapped packages. However, differences were 
made more distinct in experiment two with the pre-rigor patties being lighter than the post- 
rigor pork sausage patties. These results are again important to our initial goal of determining 
whether the MAP treatment resulted in different color after cooking. 
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FIGURE 5: Cooked L*- color values expressed for (A) fresh ground pork and fresh post- 
rigor pork sausage and, (B) fresh post-rigor pork sausage and fresh pre-rigor pork sausage 
stored at 4 ° C under fluorescent light 
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SA: (--~--): Fresh ground pork in over-wrap packaging; (--■--): fresh ground pork in MAP (99.6% 
CO2/0.4%CO); (--♦--): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in 
MAP (99.6% CO2/0.4%CO); 
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SB: (--♦--): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in MAP (99.6% 




Experiment # 1 
Figure 6A shows that there was neither a product type nor a packaging treatment effect 
on the redness of the cooked products following storage. 
Most importantly there were no cooked color differences in redness due to packaging 
treatments. 
Experiment #2 
Figure 6B shows that the pre-rigor pork sausage was redder than the post-rigor pork 
sausage after cooking regardless of the packaging treatment. The over-wrapped pre-rigor 
pork sausage was redder than the over-wrapped post-rigor pork sausage on days 1-22 except 
days 1, 8, and 15 (p<0.05). The pre-rigor pork sausage in MAP was redder than any other 
treatment (p<0.05). 
Results from experiment two showed that the pre-rigor pork sausage maintained a redder 
appearance than the post-rigor pork sausage even after cooking. The MAP treatment also 
increased redness compared to the over-wrapped patties during the entire experiment. These 
findings suggest that the pre-rigor pork sausage in MAP retained more color stability even 
after cooking, which may imply that the carboxymyoglobin in the pre-rigor meat did not 
denature in the same fashion as the oxymyoglobin from the over-wrapped pork sausage. 
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FIGURE 6: Cooked a*- color values expressed for (A) fresh ground pork and fresh post-rigor 
pork sausage and, (B) fresh post-rigor pork sausage and fresh pre-rigor pork sausage stored at 
4 ° C under fluorescent light 
6A. Fresh ground pork and fresh post-rigor pork sausage (Experiment 1) 
6A: (--~--): Fresh ground pork in over-wrap packaging; (--~--): fresh ground pork in MAP (99.6% 
CO2/0.4%CO); (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in 
MAP (99.6% CO2/0.4%CO); 
6B. Fresh post-rigor and fresh pre-rigor pork sausage (Experiment 2) 
6B: (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in MAP (99.6% 





As described earlier for the raw color values, because yellowness (b* Values) is not as 
directly related to the visual perception of meat color as the lightness and redness values the 
data from the yellowness measurements are not shown here. The results for the yellowness 
measurements of the cooked color were similar to those observed for the raw color. 
In general, ground pork was more yellow than the post-rigor pork sausage (p<0.05), and 
over-wrapped packaging treatments resulted in being more yellow color than the MAP 
treatments (p<0.05) (data not shown). 
Experiment #2 
As in experiment one, experiment two resulted in similar trends for cooked yellowness 
values as were observed for the raw color measurements (data not shown). 
Purge 
Experiment #1 
Figure 7A shows that the ground pork and the post-rigor pork sausage in MAP products 
resulted in greater amount of purge during entire storage in comparison to the over-wrapped 
patties (p<0.05). 
The ground pork in MAP had greater amount of purge than the post-rigor pork sausage in 
MAP on days 1-10 and 22-31 of storage (p<0.05). Also the ground pork in over-wrap had 
greater amount of purge throughout the storage than post-rigor pork sausage in over-wrap, 
except on days 10 and 13 of storage (p<0.05) 
83 
Experiment one suggests that the MAP system with a high concentration of CO2 may 
contribute to increased purge during storage. This would be a potential disadvantage to the 
use of the MAP packaging system for commercial application. Also the ground pork in over-
wrap had greater amount of purge throughout the storage. 
Experiment #2 
Figure 7B clearly demonstrates that the pork sausage in MAP had significantly greater 
amounts of purge compared to the products in over-wrapped. 
There was a difference between pre-rigor and post-rigor pork sausages during the late 
stage of storage with pre-rigor demonstrating greater purge. 
The most important observation in the comparisons of results for purge is the greater 
purge observed for MAP. While this is a potential disadvantage, it may well be the result of 
the very high CO2 concentration used in this study. 
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FIGURE 7: Percent of purge expressed for (A) fresh ground pork and fresh post-rigor pork 
sausage and, (B) fresh post-rigor pork sausage and fresh pre-rigor pork sausage stored at 4 ° 
C under fluorescent light 
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7A: (--~--): Fresh ground pork in over-wrap packaging; (--~--): fresh ground pork in MAP (99.6% 
CO2/0.4%CO); (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in 
MAP (99.6% CO2/0.4%CO); 
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7B: (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in MAP (99.6% 





Figure 8A shows that the fresh ground pork and post-rigor pork sausage in MAP both had 
lower total aerobic microbial counts than the over-wrapped patties from day 8 through day 22 
of storage (p<0.05). There were no differences between the ground pork patties and the pork 
sausage in over-wrapping or between the ground pork and the post-rigor pork sausage in 
MAP throughout the storage period (p<0.05). 
These results show that the MAP system resulted in a lower aerobic microbial counts 
than the over-wrapped treatments, but there were no differences due to product type. 
Experiment #2 
Figure 8B also shows the impart of MAP on aerobic microbial counts after 6 days of 
storage (p<0.05). There were no differences between the pre-rigor pork sausage and the 
post-rigor pork sausage in over-wrapped packages or in MAP (p<0.05). 
Thus the MAP treatment reduced aerobic microbial counts regardless of product type. 
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FIGURE 8: Total aerobic plate counts for (A) fresh ground pork and fresh post-rigor pork 
sausage and, (B) fresh post-rigor pork sausage and fresh pre-rigor pork sausage stored at 4 ° 
C under fluorescent light 
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8A: (--~--): Fresh ground pork in over-wrap packaging; (--~--): fresh ground pork in MAP (99.6% 
CO2/0.4%CO); (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in 
MAP (99.6% CO2/0.4%CO); 
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8B: (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in MAP (99.6% 




Figure 9A demonstrates the impact of MAP on psychrotrophic plate counts for ground 
pork and post-rigor pork sausage. Again, the MAP system resulted in a lower counts on day 
10 and after (p<0.05). Because the psychrotrophic microorganisms are closely associated 
with microbial spoilage of pork sausage, these results are potentially very important to 
improvement of product shelf-life (Jay, 2001). 
Experiment #2 
Figure 9B shows that the MAP treatment resulted in a lower psychrotrophic counts in 
both pre-rigor and post-rigor pork sausage during storage (p<0.05). Pre-rigor pork sausage in 
MAP was lower in psychrotrophic counts than the over-wrapped packaged pre-rigor pork 
sausage on days 3-22 of storage (p<0.05). Also the post-rigor pork sausage in MAP was 
lower than the over-wrapped packaged post-rigor pork sausage on days 3-22 of storage 
(p<0.05). 
The post-rigor pork sausage in over-wrap had lower psychrotrophic counts through the 
entire storage period than the pre-rigor pork sausage in over-wrap (p<0.05). The pre-rigor 
pork sausage in MAP had lower psychrotrophic counts through the entire storage period than 
the post-rigor pork sausage (p>0.05). 
Both experiment one and experiment two shows that the MAP treatment resulted in a 
lower psychrotrophic microbial counts than the over-wrapped patties. These results also 
show that the pre-rigor pork sausage in MAP had the slowest growth of all treatments. These 
results are similar to other studies that recommended using pre-rigor meat instead of post- 
rigor meat for pork sausage because of reduced microflora during storage (Sorheim et al., 
1999). 
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FIGURE 9: Psychrotrophic plate counts for (A) fresh ground pork and fresh post-rigor pork 
sausage and, (B) fresh post-rigor pork sausage and fresh pre-rigor pork sausage stored at 4 ° 
C under fluorescent light 
A. Fresh ground pork and fresh post-rigor pork sausage (Experiment 1) 
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9A: (--~--): Fresh ground pork in over-wrap packaging; (--~--): fresh ground pork in MAP (99.6% 
CO2/0.4%CO); (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in 
MAP (99.6% CO2/0.4%CO); 
B. Fresh post-rigor and fresh pre-rigor pork sausage (Experiment 2) 
9B: (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in MAP (99.6% 




Figure l0A shows that total anaerobic plate counts were lower for over-wrapped 
compared to MAP during the entire storage period (p<0.05). Clearly, the MAP system 
permits greater growth of the anaerobic microorganisms during the storage. This was 
expected because the aerobic nature of the over-wrapped packages will favor growth of 
aerobic organisms. 
Experiment #2 
Figure lOB also shows that the over-wrapped packages resulted in a lower microbial 
counts than the MAP treatments (p<0.05). 
The over-wrapped post-rigor pork sausage had a lower microbial counts on days 3-8 and 
15-22 of storage than the over-wrapped pre-rigor pork sausage (p<0.05). The post-rigor pork 
sausage in MAP also had a lower microbial counts on days 6, 8, 18, and 22-31 of storage 
relative to pre-rigor in MAP (p<0.05). 
Experiment two was similar to experiment one in that the MAP products resulted in 
greater growth of anaerobic microorganisms than over-wrapped products. The post-rigor 
pork sausage also showed had lower anaerobic counts than the pre-rigor pork sausage patties. 
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FIGURE 10: Total anaerobic plate counts for (A) fresh ground pork and fresh post-rigor pork 
sausage and, (B) fresh post-rigor pork sausage and fresh pre-rigor pork sausage stored at 4 ° 
C under fluorescent light 
A. Fresh ground pork and fresh post-rigor pork sausage (Experiment 1) 
10A: (--~--): Fresh ground pork in over-wrap packaging; (--■--): fresh ground pork in MAP (99.6% 
CO2/0.4%CO); (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in 
MAP (99.6% CO2/0.4%CO); 
B. Fresh post-rigor and fresh pre-rigor pork sausage (Experiment 2) 
12 15 18 21 24 27 30 33 36 
l OB: (-- ♦ --): Post-rigor pork sausage in over-wrap packaging; (--X--): Post-rigor pork sausage in MAP (99.6% 




Results from the sensory evaluation (table 1) indicated that the cooked ground pork 
patties packaged in over-wrap or MAP were not significantly different for pork aroma, sour-
like aroma, off-aroma, firmness, juiciness, pork flavor, sour flavor, or off-flavor. However, 
significant differences were observed in the intensity of brown color and pink color. The 
ground pork patties in MAP had a more intense brown and pink color, but the intensity levels 
were different (table 1). The brown color had a LS-Mean of 8.6 in comparison to the pink 
color's LS-Mean of 3.1 on the intensity scale where 0 is least intense and 15 is most intense. 
These results show that the amount of intensity is the most important factor when measuring 
difference. 
The raw ground pork patties in over-wrapped packages and MAP were significantly 
different in cherry red color, sour-like aroma, and off-aroma attributes (table 2). Sour-like 
aroma and the cherry red color were more intense in the MAP patties, while the off-aroma 
was more intense in the over-wrapped patties. Due to the low concentration of CO in the 
MAP, the more intense cherry red color for the MAP ground pork was expected. Similarly, 
the more intense sour-like aroma was expected due to the high concentration of CO2 in the 
MAP. However, the raw ground pork patties were not different in terms of pork aroma. 
The cooked post-rigor pork sausage patties in over-wrapped packages and MAP were not 
different in pork aroma, sour-like aroma, off-aroma, firmness, juiciness, pork flavor, sour 
flavor, and off-flavor, but were different for brown color and pink color. The MAP pork 
sausage patties had more intense pink and brown color (table 3). Similar to the cooked 
ground pork, the brown color had a LS-Mean of 8.9 in compared to pink color LS-Mean of 
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5.4 on the intensity scale where 0 is least intense and 15 is most intense. Again, these results 
show that the amount of intensity is the most important factor when measuring differences. 
The raw post-rigor pork sausage patties in over-wrapping and modified atmosphere 
packaged were not significantly different in sausage/spice aroma and off-aroma, but were 
significantly differently in cherry red color and sour-like aroma (table 4). Sour-like aroma 
was more intense in the MAP patties. Again, due to the low concentration of CO in the 
MAP, the difference in greater cherry red color for the MAP post-rigor pork sausage was 
expected. Similarly, the difference with sour-like aroma was expected due to the high 
concentration of CO2 in the MAP. However, the raw post-rigor pork sausage patties were not 
significantly different in terms of pork aroma. 
Table l: Sensory Attributes of Cooked Post-Rigor Ground Pork Patties Packaged in Over-
wrapped and Modified Atmosphere Packaging and stored at 4 °C 
Attribute OWP1 MAP1 ±SEMz
Brown Color 
0=none, 15=intense 
6.4 8.6'~` 0.5 
Pink Color 
0=none, 15=intense 
1.7 3.1~ 0.5 
Pork Aroma 
0-none, 15=intense 
6.8 7.3 0.6 
Sour-Like Aroma 
0=none, 15=intense 




0.5 0.3 0.2 
Firmness 
0=not firm, 15=very firm 
5.4 5.6 0. S 
Juiciness 
0=not juicy, 15=very juicy 
6.6 6.6 0.6 
Pork Flavor 
0=none, 15=intense 
6. S 7.1 0.8 
Sour Flavor 
0=none, 15=intense 
1.2 1.3 0.3 
Off-Flavor 
0=none, 15=intense 
0.4 0.3 0.2 
i OWP=over-wrap packaging, MAP=modified atmosphere packaging 
2 Standard error of the mean. 
`Significance shown p<0.05 
Table 2: Sensory Attributes of Raw Post-Rigor Ground Pork Patties Packaged in Over-
wrapped and Modified Atmosphere Packaging and stored at 4 °C 
Attribute OWP1 MAP1 ±SEM2
Cherry Red Color 
0=none, 15=intense 
2.7 11.0 0.4 





0.7 2.3 ~ 0.3 
Off-Aroma 
0=none, 15=intense 
1.2 0.3* 0.4 
OWP=over-wrap packaging, MAP=modified atmosphere packaging 
Standard error of the mean. 
h Significance shown p<0.05 
Table 3: Sensory Attributes of Cooked Post-Rigor Pork Sausage Patties Packaged in Over-
wrapped and Modified Atmosphere Packaging and stored at 4 °C 
Attribute Diagnostic OWP1 MAP1 ±SEMz
Brown Color 
0=none, 15=intense 
7.0 8.9~ 0.3 
Pink Color 
0=none, 15=intense 
1.9 5.4~ 0.6 
Sausage/Spice Aroma 
0-none, 15=intense 
7.8 8.0 0.5 
Sour-Like Aroma 
0=none, 15=intense 
0.6 0.5 0.2 
Off-Aroma (describe) 
0=none, 15=intense 
0.7 0.7 0.2 
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Firmness 
0=not firm, 15=very firm 
6.8 7.0 0.3 
Juiciness 
0=not juicy, 15=very juicy 
8.6 8.0 0.5 
Sausage/Spice Flavor 
0=none, 15=intense 
8.3 8.4 U.5 
Sour Flavor 
0=none, 15=intense 
0.6 0.5 0.2 
Saltiness 
0=none, 15=intense 
7.6 8.2 1.0 
Off-Flavor 
0=none, 15=intense 
0.4 0.2 0.2 
1 OWP=over-wrap packaging, MAP=modified atmosphere packaging. 
2 Standard error of the mean. 
T Significance shown p<0.05 
Table 4: Sensory Attributes of Raw Post-Rigor Pork Sausage Patties Packaged in Over-
wrapped and Modified Atmosphere Packaging and stored at 4 °C 
Attribute Diagnostic OWP1 MAP1 ±SEM2
Cherry Red Color 
0=none, 15=intense 
2.8 7.4~ 0.6 





0.4 1.2* 0.3 
Off-Aroma 
0=none, 15=intense 
0.2 0.0 0.1 
OWP=over-wrap packaging, MAP=modified atmosphere packaging. 
Standard error of the mean. 
Significance shown p<0.05 
Discussion 
Fresh pork sausage is characterized by a relatively short shelf life due to rapid lipid 
oxidation, rapid microbial growth, and loss of color stability. Fresh pork sausage typically 
has a higher rate of lipid oxidation than most other processed meat products due to the 
addition of salt and high fat content in the product. 
Both experiments in this study (the first comparing ground pork to post-rigor pork 
sausage and the second comparing pre-rigor pork sausage to post-rigor pork sausage) showed 
that lipid oxidation was more in the over-wrapped fresh ground pork, pre-rigor pork sausage 
and post-rigor pork sausage, than in the same product when packaged in MAP. The pre-rigor 
pork sausage in MAP demonstrated the slowest rate of lipid oxidation of all the treatments 
and thus realized the most benefit in this regard from the MAP system. Krause et al. (2003) 
found similar results for lipid oxidation reduction in pork loins using 0.5% carbon monoxide 
in combination with carbon dioxide and nitrogen in modified atmosphere packaging. Luno et 
al. (2000) also found reductions of lipid oxidation in beef products when carbon monoxide at 
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levels of 0.5-1.0°Io in combination with carbon dioxide and oxygen were used for MAP. 
Kusmider et al. (2002) reported that in addition to reductions in TBARS values the MAP-CO 
packaging had increased lightness and redness (L* and a*- color values), while minimizing 
off-odors, detected by a sensory panel, in beef products. 
Fresh ground pork in MAP and both pre-rigor and post-rigor pork sausage in MAP also 
showed lighter and redder color (greater L* and a* value, p<0.05) products than the over- 
wrapped products in both raw and cooked products in these experiments. The cooking 
process for the cooked color showed that visually the cooked patties that had been stored in 
MAP with carbon monoxide were lighter and redder than the over-wrapped patties 
(Photograph- Appendix 5). Also, the fluids released during cooking from the MAP patties 
were visually redder than the over-wrapped patties, which was expected because of the high 
amounts of carboxymyoglobin pigment in the sarcoplasmic fluids (Photograph- Appendix 4). 
When carbon monoxide binds with oxymyoglobin to produces carboxymyoglobin color 
to yield a bright red color the instrumental color values are shifted to lighter and redder color 
value (Photograph- Appendix 1). Of the three products packaged pre-rigor pork sausage in 
MAP had the lightest and reddest raw and cooked values (p<0.05). Some studies have 
suggested that because pre-rigor meat has higher water holding capacity it is able to hold 
more carboxymyoglobin pigment producing a redder and lighter appearance (Apple 1981; 
Fontes et al., 2004). Honikel and Fischer (1987) found that because hot-boned (pre-rigor) 
meat had a less severe pH decline that the color was more uniform and stable due to an 
increased water holding capacity and cooking yields. 
Sensory evaluation with a trained panel reported similar significant color differences to 
those measured by the instrumental method for both the raw and cooked products. The 
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ground pork and post-rigor pork sausage in MAP had brighter cherry red color in the raw 
patties and a more intense red and brown color in the cooked patties (p<0.05). The cooked 
ground pork and post-rigor pork sausage were different in both the red and brown color in the 
cooked patties and this is possible because the intensity of the colors were different. The 
brown color was higher on the intensity scale than the red color, but both were still browner 
and redder than the over-wrapped products. Luno et. al. (1998) found similar results for 
ground steak and reported redder raw and cooked color for MAP packaged in both 
instrumental and sensory evaluation measurements. 
When evaluating the cooked color attributes for all three products greater cooking effects 
were observed from using the high concentration of carbon dioxide and low concentration of 
carbon monoxide. In general MAP with CO has been shown to prevented premature 
browning during cooking, which is positive for food safety concerns, however it may be a 
challenge for businesses and companies that have cooking time constraints because it takes 
longer for the entire patties to lose the "raw pink internal color." Some pink color can be 
retained even though the patties were cooked sufficiently for microbial concerns. The end-
point cooked temperature was 77 °C based on guidelines for pan frying beef patties to 
doneness (AMSA, 1995). Carbon monoxide combines with oxymyoglobin in meat to 
produces carboxymyoglobin which is more stable than myoglobin and is harder to denature, 
which is why it is hard to brown the meat during the cooking process. John et al. (2004 and 
2005) evaluated cooked hamburger patties made from fresh beef chubs that were stored with 
MAP and found similar results. They found that carbon monoxide in the packaging 
prevented premature browning and reduced TBARS values in packaged chubs. However, 
internal patty color remained pink even aftei a measured temperature of 79°C was reached. 
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Another cooking obstacle observed in this study for products from MAP is a fluffier 
appearance with air pockets some times formed during the cooking process. These effects 
are probably due to the high amount of carbon dioxide in the packaging (Photograph- 
Appendix 2 & 3). Carbon dioxide produces carbonic acid and carbon dioxide gas naturally 
when added to water (Piazza, 2006). Meat is composed of about 75% water naturally located 
in the muscle structure and carbon dioxide can mix with this water to yield the carbonic acid 
and carbon dioxide gas. During the cooking process the carbon dioxide gas is released to 
produce air pockets in the meat and thus giving a "fluffy" appearance. Researchers have 
found that absorption of large amounts of CO2 by meat tissue can cause a minor decrease in 
pH due to the formation of carbonic acid. Other studies have reported pore formation in 
cooked meats when the COZ concentrations (80-90%) are elevated (Jakobsen and Bertelsen, 
2002; Huffman et al, 1992). 
The modified atmosphere gas combination of high carbon dioxide (99.6%) and low 
concentrations of carbon monoxide (0.4%) significantly reduced the total aerobic and aerobic 
psychrotrophic microbial populations in the fresh ground pork, and fresh pre- and post- rigor 
pork sausage during the entire shelf life of each product (p<0.05). Carbon dioxide breaks 
down bacterial structures which is a bacteriostatic mechanism, which is why it is so effective 
in microbial reduction. This is an important effect of MAP because pork sausage spoilage is 
closely linked to the increased amounts of aerobic and psychrotrophic microorganisms, e.g. 
Lactobacillus sp. and Pseudomonas sp. (Tremonte et al., 2005). The elimination of oxygen in 
the modified atmosphere packaging with carbon monoxide and carbon dioxide also slightly 
increased the total anaerobic microbial population after several days in the shelf life 
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compared to the over-wrapped patties (Jay, 2000). This was expected because the anaerobic 
nature of the MAP system favors growth of anaerobic organisms. 
viana et al. (2005) evaluated pork loins in MAP and found that 99°Io CO2/ 1 °Io CO 
achieved the highest consumer acceptance score for color, flavor, and absence of off-aromas 
for 24 hour storage. In these packages, Pseudomonas sp. growth was limited and 
psychrotrophic organisms reached 10~ CFU/g after 20 days. Jayasingh et al. (2001) 
emphasized the effects of carbon monoxide to reduce microbial growth by using 5% carbon 
monoxide for 24 hours and 100°Io carbon monoxide for one hour prior to vacuum packaging. 
They found that color was maintained for eight weeks, and microbial loads remained below 
106CFU/g were observed with treatments up to week seven. Other experiments with pork 
and beef products have pointed out that the reduction in oxygen in the packaging is directly 
related to microorganism flora from aerobic to anaerobic during product storage 
(Devlieghere et al., 1998; Farber et al., 1988). 
Another potential disadvantage of MAP observed in this study was the amount of purge 
expressed during cooking of patties. The fresh ground pork, pre-rigor pork sausage and post-
rigor pork sausage in MAP all showed significant increases in the amount of purge compared 
to over-wrapped products. Aberle et al. (2001) explains that when the pH of muscle 
decreases the protein the muscle expands due to stearic effects, thus releasing water. The 
reduction in water holding capacity is most commonly noted with the reduction in water 
holding capacity due to the decrease in pH during rigor mortis. This is also why pre-rigor 
meat is preferred for improved water holding capacity (Honikel and Fischer, 1987). 
Besides the color differences observed by the sensory panels, asour-like off aroma was 
observed in the raw ground pork and post-rigor pork sausage. Carbon dioxide combined 
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with water yields carbonic acid which yields an acidic environment which could result in the 
sour-like aroma. Also, the microflora shift from aerobic to anaerobic and facultative 
anaerobic are likely to increase the amount of bacteria, e.g. Lactobacillus sp., that produce 
lactic acid dropping the pH and causes an increased acidic environment. 
Sensory evaluation also showed that both the post-rigor pork sausage and fresh ground 
pork in MAP was acceptable for attributes associated with consumption. Munoz (1998) and 
Bryhni et al. (2002) determined that product appearance, flavor and absence of off-odors 
were the greatest considerations for consumer's willingness to buy a meat product. In this 
portion of the experiment the raw ground pork and post-rigor patties in MAP were not 
significantly different from the over-wrapped packaged products for the spice/sausage aroma 
and off-odors. Kusmider et al. (2002) found similar results in beef products under modified 
atmosphere packaging had minimal off-odor detected. The results after cooking showed that 
both the ground pork and post-rigor pork sausage were not significant than the over-wrapped 
ground pork and post-rigor pork sausage for pork aroma, sour-like aroma, off-aroma, 
firmness, juiciness, pork flavor, sour flavor, and off-flavor. Because no differences were 
observed with the trained panel, consumers may accept of these products. 
The challenges presented with an increased amount of purge, increase growth of 
anaerobic microorganisms, sour-like aroma in raw products, cooking defects, and color 
retention in the cooked products can be explained by the gas combination used. A high 
carbon dioxide concentration was used in this study to evaluate the maximum effectiveness 
of CO2 for reduction in lipid oxidation and microbial growth in combination with a low 
concentration of carbon monoxide for the color retention in the product over time. These 
quality defects are directly linked to the mechanism of these two gases. The excess purge in 
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MAP products was due to a pH decline caused by carbonic acid production. The increased 
anaerobic growth can be explained by the shift from aerobic to anaerobic environment from 
MAP gas combination. The cooked color retention of redness and lightness and pink purge 
during cooking was due to the production of carboxymyoglobin from the carbon monoxide in 
the MAP, which is more difficult to denature than oxymyoglobin. The sour-like aroma can 
be explained by the acidic environment from the carbonic acid produced from carbon dioxide 
and water and the growth of Lactobacillus sp. producing lactic acid. The effect of fluffing 
during cooking was due to the production of carbon dioxide gas during cooking. 
Typically, carbon monoxide and carbon dioxide are used in combination with nitrogen at 
levels of 0.4°Io CO/ 40°Io CO2/59.6aIo N2. Studies conducted with this gas combination 
involving pork sausage, ground beef and pork loins have not reported these same quality, 
cooking, and microbial challenges (Tremonte et al., 2005; Farber et al., 1991; Holley et al., 
1994; Lu no et al., 2000) . 
Conclusions 
Modified atmosphere packaging with carbon monoxide and carbon dioxide (0.4%/ 
99.6%, respectively) have been shown to benefit fresh ground pork, fresh pre-rigor pork 
sausage and fresh post-rigor pork sausage in many ways. It was hypothesized that a high 
concentration of carbon dioxide with low levels of carbon monoxide would reduce the rate of 
lipid oxidation, provide a stabilized red color, reduce the growth of microorganisms, and 
provide a high quality product for consumers. 
Through this research it was found that modified atmosphere packaging with carbon 
monoxide and carbon dioxide in fresh ground pork and fresh pork sausage could achieve 
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these goals by reduction Of lipid oxidation, reduction in aerobic and psychrotrophic microbial 
counts. The sensory results proved that attributes associated with eating satisfaction, like 
firmness, juiciness, off-flavor, sour-like flavor, pork flavor, and aroma characteristics, like 
sour-like aroma, off-aroma, were not significantly different than the over-wrapped products. 
Some potential challenges with the gas combination of 0.4°Io CO/99.6°Io CO2 include: a 
lighter and redder cooked product, cooking defects such as "fluffing" and visually obvious 
gas pores, sour-like aroma in raw products, and increased amount of purge over the shelf life. 
These challenges are directly related to the gas combination used and a more traditional gas 
blend of 0.4% CO/ 40% CO2/59.6aIo N2 would avoid these effects (Tremonte, 2005; Farber, 
1991; Holley, 1994; Luno, 2000). 
It can be concluded, based on this study that modified atmosphere packaging with carbon 
monoxide and carbon dioxide can be recommended for use in pork sausage. The benefits of 
this gas combination to manufacturers of pork sausage and consumers outweigh the 
problems. The problems associated with purge, cooked color, raw sour-like aroma, and 
cooking defects observed in this study resulted from very high (99.6%) carbon dioxide 
concentrations and can be easily resolved by either flushing the pork sausage with the MAP 
combination and then vacuum packaging (Mercogliano et al, 2001) or by incorporating 
nitrogen into the packaging at a level above 30~Io as recommended by Church (1994). 
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CHAPTER 4: GENERAL CONCLUSIONS 
Modified atmosphere packaging has been used in the food industry for over 100 years to 
improve food quality. Since the 1930s carbon dioxide has been used in modified atmosphere 
packaged meat products, and in the 1980s carbon monoxide was introduced to meat products. 
The benefits of modified atmosphere packaging can be observed in the fish, vegetable, fruit, 
and meat industry with the extension of shelf life. 
A high level of carbon dioxide (99.6°Io) with low concentrations of carbon monoxide 
(O.4°Io) was used to study the effects of this MAP system on shelf life of fresh ground pork, 
fresh pre-rigor pork sausage and fresh post-rigor pork sausage. Fresh pork sausage has a 
relatively short shelf life due to the rapid lipid oxidation, microbial growth, and color loss, 
due in part, to the high amounts of fat and salt in the product. The carbon dioxide was used 
to reduce microbial growth and lipid oxidation, while the carbon monoxide was used for 
color stability and to further aid in content of lipid oxidation. 
These experiments showed that the gas combination of 0.4°Io carbon monoxide and 
99.6% carbon dioxide was able to extend fresh ground pork, pre-rigor pork sausage and post 
rigor pork sausage shelf life by reducing rate of lipid oxidation, reducing total aerobic 
microbial counts and aerobic psychrotrophic counts, while providing a lighter and redder 
color throughout the storage period. A trained sensory panel showed that the modified 
atmosphere packaging was acceptable in both raw and cooked forms with only a slight sour-
like aroma in raw products. 
Some potential challenges from the high amounts of carbon dioxide included increased 
purge, sour-like aroma from the carbonic acid produced, and some cooking defects with 
fluffier appearance. Saturating the patties with carbon monoxide yielded a more stable 
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carboxymyoglobin pigment that is hard to denature, which prevents premature browning but 
yields a lighter and redder cooked product. 
Modified atmosphere packaging is valuable for extending product shelf life and 
consequently is likely to be available will be around for years to come. The benefits of this 
technology are widely recognized and used throughout the world to help protect product 
quality. 
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CHAPTER 5: RECOMMENDATIONS FOR FUTURE WORK 
The benefits of a gas combination of 0.4°Io CO with 99.6% CO2 for MAP are clear. 
Reduction in lipid oxidation, total aerobic counts, psychrotrophic counts, and improved color 
stability were significant improvements observed for the fresh ground pork, pre-rigor pork 
sausage and post rigor pork sausage products in this study. 
Further research is needed to determine ways to reduce some of the adverse effects that 
were also observed for this specific gas combination. Further research is needed on: 
• The incorporating different gases into the packaging could be used to off-set the 
excess purge, increased anaerobic population, cooking defects such as "fluffing" and 
visually obvious gas pores, and sour-like aroma in raw products 
• Determining the best way to apply the modified atmosphere packaging to also help 
off-set some of the disadvantages observed. Some studies have suggested gas 
flushing for a specific time period and then vacuum packaging the product to reduce 
the amount of gas exposure that he product receives. 
• More research is needed to determine the properties of carboxymyoglobin pigment in 
food products and factors that affect these properties. This can be important in 
determining how to control appearance of this pigment over time in food products 
particularly in cooking of fresh meat products. 
Evaluating these concepts can help improve this gas combination for use with pork 
sausage and with other meat products. 
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